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1.  INTRODUCTION 


The  spiraling  growth  of  technology  over  the  last  several  decades  has 
exposed  roan  to  Ircreasingly  hostile  environments.  These  may  range  from 
the  high  external  heat  environments  experienced  In  the  ce  *amlcs»  glass, 
metal,  and  rubber  industries  to  the  extremes  of  the  space  environment. 

In  which  low  pressures,  toxic  materials,  cosmic  radlacion,  and  extremes 
in  temperature  and  humidity  are  commonplace. 

A maior  problem  in  these  environments  occurs  whenever  heat  Input  to 
the  body  differs  markedly  from  heat  dissipation.  The  resulting  thermal 
stress  can  severely  affect  man^s  ability  to  perform  useful  work,  and  may, 
in  fact,  incapacitate  him  or  prove  fatal. 

The  ability  of  an  individual  to  survive  and  work  under  these  condi- 
tions depends,  to  a large  extent,  upon  the  t5rpe  of  protective  equipment 
surrounding  him.  For  most  ground-based  industrial  applications,  the 
problem  is  one  of  ambient  temperature,  in  which  the  protective  equipment 
must  either  remove  or  add  just  enough  heat  to  balance  the  individual’s 
heat  input  and  heat  output.  For  applications  in  the  space  environment, 
protection  from  near-vacuur*  pressures,  toxic  gases  and  ultraviolet  or 
other  cosTTiic  radiation  must  be  provided  in  addition  to  thermal  protection. 

The  protective  equipment  required  to  shield  roan  from  these  hostile 
environments  consists  of  suits  designed  to  essentially  isolate  the 
individual  from  his  surroundings,  in  a manner  similar  to  that  of  a thermos 
bottle.  However,  under  such  Isolated  conditions,  even  a moderate  amount 
of  metabolic  activity  would  produce  forced  storage  of  metabolic  heat. 
Consequently,  an  artificial  cooling  system  muse  be  provided  in  order  to 
prevent  rapid  performance  impairment  and  possible  collapse  due  to  excess 
body  heat  storage. 
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For  applications  involving  low  levels  of  metabolic  activity^  a 
ventilating  gas  circulated  between  the  skin  and  the  protective  suit  is 
adequate  to  remove  the  heat  of  metabolism  by  means  of  convective  and 
evaporative  heat  transfer.  The  ventilating  gas  must  also  supply  oxygen 
required  for  metabolism  and  remove  metabolic  waste  products  such  as  carbon 
dioxide  and  water  vapor.  However » for  metabolic  rates  associated  with 
most  common  activities,  conventional  body  cooling  by  gas  ventilation  is 
inadequate  (98).  Even  at  low  metabolic  rates,  the  circulating  gas  provides 
cooling  primarily  through  the  mechanism  of  sweat  evaporation  rather  than 
convection,  and  as  such,  leads  to  eventual  heat  stress  and  dehydration 
(3,  36,  145,  169).  Furthermore,  gas  ventilation  has  a limited  cooling 
capacity  which  cannot  be  increased  without  resorting  to  undesirably  low 
gas  inlet  temperatures  and  high  gas  flow  rates. 

In  the  early  1960*s,  the  Royal  Aircraft  Establishment  (RAE)  in  London 
investigated  and  developed  a new  technique  for  circumventing  the  disadvan** 
tages  of  gas  ventilation.  They  designed  a garment  which  passed  a liquid 
through  many  small  tubes  positioned  against  the  subject's  skin.  The 
circulating  fluid  was  capable  of  removing  large  quantities  of  metabolic 
heat  by  means  of  conductive  heat  transfer  from  the  skin  directly  to  the 
circulating  liquid.  This  liquid  conditioning  garment  (LCG)  covered  the 
entire  body,  with  the  exception  of  the  hands,  feet,  and  head,  but  the 
cooling  tubes  actually  contacted  less  than  3%  of  the  total  body  surface 
area.  The  entire  garment  weighed  less  than  2*1/2  lbs.  Furthermore, 
because  of  the  higher  heat  capacity  and  conductance  of  the  liquid,  the 
power  requirement  per  unit  of  heat  transferred  decreased  by  several  orders 
of  magnitude  when  compared  to  gas  ventilating  systems.  Since  the  early 
RAE  investigations,  a technology  of  LCG  design  and  operation  has  gradually 
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evolved.  The  garment  utilized  in  this  experimental  study  is  an  outgrowth 
of  this  technology. 

Although  considerable  information  is  available  on  liquid  or  conductive 
cooling  in  the  physiological^  medical,  and  engineering  literature,  it  is 
often  of  a qualitative,  rather  than  a quantitative  nature.  Specifically, 
very  few  attempts  have  been  made  to  relate  quantitatively  the  heat  removal 
characteristics  of  the  LCG  to  the  various  sensitive  parameters  of  the 
human  thermoregulatory  system.  The  concepts  of  heat  stress  and  thermal 
comfort  have  been  described  primarily  in  qualitative  terras  related  to 
subjective  observations  of  thermal  sensation,  and  remain  controversial 
subjects.  Although  several  studies  have  been  directed  at  relating  LCG 
performance  to  skin  temperature,  rectal  temperature  or  subjective  comfort, 
a quantitative  Interrelationship  between  these  and  other  physiological 
factors  is  lacking. 

The  research  effort  herein  described  was  devoted  to  thr  development 
of  such  quantitative  relationships.  This  was  accomplished  by  means  of  an 
experimental  test  program  in  which  several  environmental  and  physiological 
factors  were  varied  systematically  in  order  to  derive  the  most  significant 
parametric  relationships.  It  was  also  desired  to  establish  a theoretical 
basis  for  the  quantitative  relationships  in  terms  of  the  known  behavior 
oi  the  human  thermoregulatory  system.  This  required  the  development  of 
equations,  or  a mathematical  model,  relating  sweat  rate,  cutaneous 
blood-flow  rate,  and  other  physiological  responses  to  various  body  and 
environmental  temperatures.  It  was  necessary  that  the  equations  fall 
within  the  framework  of  the  known  state-of-the-art  behavior  of  human 
thei^oregulation  and  yet  reproduce,  in  a reasonable  fashion,  the  parametric 
trends  derived  from  the  experimental  results.  The  model  provided  a 
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mechanism  for  testing  current  theories  of  thermoregulation*  Comparison 
of  the  model  predictions  with  the  experimental  data  served  as  a guideline 
by  which  to  judge  the  validity  of  thss'?  theories*  In  addition,  correlation 
of  the  mathematical  model  with  the  experimental  results  resulted  In  improved 
model  accuracy*  This,  in  turn,  provided  a means  by  which  to  investigate 
and  explain  the  source  of  experimental  results  that  were  not  immediately 
obvious* 

HISTORICAL  DEVELOPMENT  AND  USE  OF  THE  LCG 

The  original  purpose  of  the  LCG  was  to  remove  metabolic  heat  which 
cannot  be  disposed  of  by  normal  environmental  mechanisms*  In  accomplishing 
this  task,  the  LCG  acts  to  reduce  heat  strain  and  promote  thermal  comfort. 

In  most  Instances,  a ventilating  gas  supplies  the  necessary  oxygen  ; quired 
for  metabolism  and  removes  metabolic  waste  products.  It  also  removes  a 
certain  amount  of  heat  from  the  skin,  and  an  amount  of  heat  from  the 
respiratory  tract  during  normal  breathing  that  amounts  to  approximately 
10%  of  metabolic  heat  generation  (49)*  In  order  to  be  effective  and 
maintain  a zero  body  heat  storage  rate,  the  LCG  is  designed  to  remove  the 
majority  of  heat  attributed  to  metabolism  plus  any  additional  external 
heat  loads  from  the  environment. 

The  concept  of  a water  cooled  garment  was  first  suggested  by  Billing- 
ham  in  195B  (12).  His  work  led  to  the  development  of  a prototype  suit 
by  the  RAF  in  1962.  Their  initial  interest  was  the  protection  of  pilots 
in  hot  aircraft  environments,  but  many  other  practical  applications  were 
ultimately  considered.  The  garment  was  originally  visualized  as  an 
extracorporeal  circulatory  system  in  which  water  passed  through  tubes  in 
contact  with  the  skin.  The  circulating  water  was  warmed  as  it  removed 
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body  heat»  and  was  then  carried  off  to  an  external  heat  sink  for  cooling 
before  returning  to  the  LCG, 

In  1964,  theoretical  studies  on  the  RAE  garment  by  Burton  and  Collier 
(25)  shoved  that  liquid  cooling  provided  definite  engineering  advantages 
over  gas  cooling  suits.  Their  computations  showed  that  the  higher  heat 
capacity  and  thermal  conductance  of  the  liquid  would  result  In  more 
efficient  heat  transfer,  lower  system  weight,  and  lower  pumping  power. 

The  first  prototype  LCG  was  constructed  of  40  polyvinyl  chloride 
tubes  sewn  Into  a suit  of  cotton  underwear.  Water  was  supplied  to  the 
wrists  and  ankles  and  conducted  by  manifolds  to  smaller  tubes  which 
distributed  the  flow  over  the  limbs,  vhere  it  kicked  up  the  majority  of 
its  heat,  and  was  finally  collected  at  outlet  manifolds  located  at  mid- 
thorax. Water  flow  was  distributed  to  all  parts  of  the  body  with  the 
exception  of  the  head,  neck,  hands  and  feet. 

Experimental  data  analysis  by  Burton  and  Collier  (26)  showed  that 
the  design  provided  excellent  heat  transfer  between  the  skin  and  the 
circulating  water  and  that  the  LCG  was  comfortable  even  when  high  metabolic 
heat  loads  were  Imposed,  Thermal  comfort  had  been  a subject  of  concern 
because  the  use  of  low  water  Inlet  temperatures  at  high  metabolic  rates 
resulted  In  large  skin  temperature  gradients  between  regions  of  skin 
lying  directly  under  the  cooling  tubes  and  adjacent  sites  between  the 
tubes. 

The  prototype  LCG  was  demonstrated  by  Burton  and  Collier  for  the 
National  Aeronautics  and  Space  Administration  (NASA)  in  Houston,  Texas  in 
late  1964.  This  led  to  an  extensive  developmental  and  test  program  with 
the  ultimate  atm  of  applying  the  LCG  to  practical  use. 
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The  final  version  of  the  garment  (and  the  one  used  for  this  experi- 
mental study)  was  constructed  for  NASA  by  the  Hamilton  Standard 
Corporation,  Division  of  United  Aircraft  and  was  designated  the  Apollo-LCG. 
It  featured  40  polyvinyl  chloride  tubes  sewn  Into  a cotton  latex  under- 
garment (see  Figure  2-5).  A nylon  slip  liner  was  placed  between  the 
garment  and  the  skin  to  Improve  comfort  and  Increase  thermal  conductance. 
Like  the  early  RAE  prototype,  the  Apollo-LCG  provided  cooling  to  all  body 
areas  except  the  head,  neck,  hands  and  feet.  However,  It  featured  a 
modified  tubing  distribution  that  was  designed  to  provide  local  water 
flow  In  a manner  proportional  to  body  mass.  In  addition,  water  was  both 
supplied  and  removed  by  manifolds  located  at  mid-torso  and  was  distributed 
In  a loop  pattern  spreading  from  the  torso  to  the  extremities. 

The  Apollo-LCG  was  designed  to  accommodate  average  metabolic  rates  of 
500  watts  with  peaks  up  to  600  watts.  This  constraint  was  Imposed  by  the 
work  tasks  anticipated  for  activities  on  the  lunar  surface  during  NASA's 
Project  Apollo.  Sustained  metabolic  rates  above  these  levels  resulted 
In  high  body  heat  storage  and  considerable  discomfort  (149,  159). 

Tests  of  the  garment  demonstrated  that  liquid  cooling  retarded 
sweating.  Increased  subjective  thermal  comfort,  and  provided  clear 
superiority  over  gas  cooling  In  reducing  signs  of  heat  stress.  These 
results  were  observed  to  be  Independent  of  whether  the  heat  stress  was 
Induced  by  hot  environments  (2,  146)  or  high  metabolic  rates  (112,  160). 
Other  results  showed  that  a wide  range  of  combinations  of  water  flow  rate 
and  Inlet  temperatures  could  be  utilized  to  provide  subjective  comfort  at 
any  particular  metabolic  rate  (83,  149);  that  heat  exchange  was  greatest 
over  working  muscle  groups  such  as  the  leg  (37);  and  that  cooling  efficiency 
could  be  markedly  reduced  by  placement  of  materials  between  the  skin  and 
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since  the  Introduction  of  the  Apollo-LCG,  other  LCGs  have  been 
designed  with  improved  cooling  qualities.  However,  these  remain  largely 
of  an  experimental  nature.  Many  of  these  garments  are  variations  of  the 
Apollo-LCG,  tailored  for  specific  tasks.  For  example,  the  current  RAE 
suit  has  increased  Ljhing  length,  producing  more  uniform  flow  with  less 
pressure  drop.  This  suit  was  designed  for  men  doing  mild  work  in  hot 
environments  such  as  overheated  aircraft  cockpits.  The  U.S.  Air  Force 
has  developed  an  LCG  vest  covering  the  torso  and  upper  thighs  for  use  In 
flights  over  tropical  climates.  Experimental  versions  of  the  RAE  suit 
have  been  tested  for  industrial  use  in  glass  factories,  where  furnace 
maintenance  requires  hard  physical  labor  in  the  presence  of  high  environ- 
mental heat  loads.  Because  of  these  high  radiant  heat  loads,  it  has  been 
found  that  adequate  comfort  cannot  be  provided  without  the  addition  of 
cooling  to  the  head  and  neck  areas  (68).  Other  concepts  in  LCG  design 
have  utilized  partial  LCGs  such  as  head  cooling  caps,  gloves  or  vests 
designed  for  specific  work  tasks. 

The  most  recent  innovations  In  LCG  design  have  been  based  upon 
Increased  heat  transfer  from  the  skin  to  the  LCG.  This  is  accomplished 
by  means  of  greater  skin-tubing  contact  surface  area  or  utilization  of 
tubing  material  with  increased  thermal  conductivity.  Such  designs  permit 
the  use  of  higher  water  inlet  temperatures  or  lower  water  flow  rates 
without  decreasing  the  heat  transfer  efficiency  of  the  garment.  This 
lessens  the  li'kellhood  of  such  physiological  problems  as  shivering  or 
vasocon  :trlction,  while  simultaneously  decreasing  power  requirements. 
Examples  of  these  advanced  concept  LCGs  Include  the  evaporative  cooling 
garment  designed  by  the  McDonnell  Douglas  Corporation  in  Huntington  Beach, 
California,  and  an  LCG  using  a high  conductance,  heat-sealed  plastic 
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material  called  FLEXITHERM,  built  by  the  Aerotherm  Corporation  in  Mountain 
View,  California, 

The  feasibility  and  ^ 'pabllity  of  an  LCG  to  maintain  subjective  human 
thermal  comfort  in  stressful  environments  has  been  Investigated  in  several 
studies.  The  first  and  most  comprehensive  review  of  these  studies,  and 
of  LCG  development  in  general,  was  performed  by  Nunneley  in  1970  (98), 

She  discussed  the  physiological  effects  of  liquid  cooling  upon  thermoregu- 
lation, the  effects  of  variations  in  LCG  design  parameters,  and  the  effects 
of  regional  or  local  body  cooling,  A more  recent  review  of  the  literature 
was  performed  by  Shvartz  in  1972  (123).  He  investigated  the  ability  of 
various  LCG  designs  to  reduce  heat  strain  under  different  metabolic  and 
environmental  conditions. 

Both  of  these  reviewers  concluded  that  the  LCG  was  indeed  capable  of 
providing  thermal  comfort  under  a variety  of  stressful  conditions.  In 
addition,  they  emphasized  that  different  areas  of  the  body  are  more 
critical  than  other  areas  in  the  subjective  determination  of  comfort.  The 
lower  body,  especially  the  legs,  requires  high  heat  removal  rates,  thereby 
justifying  a higher  LCG  tube  density.  It  was  also  found  that  the  head  and 
neck  areas  are  highly  effective  sites  for  LCG  heat  removal  because  these 
regions  lack  a significant  vasoconstriction  mechanism  (98,  99),  The  latter 
finding  has  done  much  to  spur  the  recent  Interest  in  head  cooling  (33,  99, 
163,  164,  165,  166),  which  had  been  largelv  Ignored  in  the  past. 

In  1972,  Shitzer,  Chato,  and  Hertlg  (119,  120)  also  studied  the 
effects  of  regional  cooling  on  human  subjects  working  at  various  metabolic 
races.  They  employed  a modified  Apollo-type  LCG  and  observed  that  vari>  js 
body  areas  required  different  cooling  rates  for  comfort,  with  the  thigh 
and  neck  regions  demanding  the  lowest  inlet  water  temperatures.  They  also 
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performed  an  analytical  investigation  to  determine  the  effects  of  variable 
LCG  tube  spacings,  heat  flux  rates,  metabolic  rates  anr^  'peripheral  blood 
flow  rates  upon  the  temperature  profile  throughout  a small  cross  section 
of  human  tissue  approximated  by  a rectangular  slab  or  a circular  cylinder. 
Based  upon  this  analysis,  they  concluded  that  the  peripheral  blood  flow 
effect  is  Important  in  determining  the  local  skin  temperature,  that  closer 
spacer  LCG  tubes  would  yield  a more  uniform  skin  temperature,  and  that  che 
highest  temperature  in  the  body  probably  occurs  within  the  muscle  tissues 
at  elevated  metabol'*''  rates.  In  an  earlier,  similar  study,  Buchberg  and 
Hurrah  (21)  performed  a theoretical  analysis  of  the  efficiency  of  liquid 
cooling  through  polyvinyl  chloride  tubes  as  a function  of  the  skin-tubing 
contact  surface  area.  These  two  analytical  investigations  are  noteworthy 
because  they  represent  the  first  attempts  to  apply  mathematical  and 
theoretical  principles  to  the  interactions  between  the  human  physiological 
system  and  the  LCG. 

Other  experimental  studies  performed  with  whole  or  partial  body 
cooling  have  further  demonstrated  the  ability  of  the  LCG  to  maintain  sub- 
jective thermal  comfort  at  high  metabolic  rates  in  hot  environments  (30, 
32,  117,  124,  126,  140,  163).  Included  in  the  studies  were  advan;,ed 
concepts  for  automatic  control  of  LCG  cooling.  In  these  experiments,  LCG 
inlet  temperature  was  adjusted  based  upon  measurements  of  heart  rate, 
sweat  rate,  skin  temperature,  or  other  physiological  parameters. 

Such  investigations  have  provided  the  impetus  for  the  application  of 
the  LCG  to  many  diverse  uses,  including  laboratory  studies  for  the  exact 
cOi'trol  of  skin  temperature  in  cardiovascular  research  (109,  110,  111). 

For  the  latter  application,  an  Apollo-LCG  modified  to  cover  the  head, 
hands  and  feet  imposed  a constant  skin  temperature  across  the  body  while 
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permitting  continuous  monitoring  of  various  physiological  processes* 
including  cardiac  output  by  means  of  heart  catheterization.  These  experi- 
ments clearly  established  that  high  skin  temperatures  are  associated  witli 
substantial  increases  in  cardiac  output*  with  the  largest  percentage  of 
the  increase  going  to  the  peripheral  circulation. 

In  other  applications*  LCGs  have  been  used  to  cool  racing  car 
drivers  in  Che  presence  of  high  engine  heat  (87)*  to  cool  surgeons  during 
delicate  operations  that  would  be  obstructed  by  high  perspiration  rates 
C37),  and  to  subcool  patients  during  neurosurgery  (83).  They  are  also 
under  consideration  for  heating  divers  descending  to  great  depths*  where 
high  conductive  heat  loss  to  the  water  is  a severe  problem  (101*  158). 

One  final  application  of  the  LOG  is  noteworthy  in  that  it  pertains 
directly  to  some  of  the  experiments  that  constitute  this  investigation. 

By  covering  the  entire  body  with  an  Apollo-type  LCG  modified  to  cover  the 
head*  hands  and  feet*  and  then  ther^nally  isolating  the  man  from  his 
environment,  the  LoG  has  been  used  as  a calorimeter  for  the  direct  deter- 
mination of  metabolic  heat  output  (157).  Subjects  dressed  in  the  LCG  were 
covered  with  an  outer  insulating  garment  and  performed  measured  quantities 
of  external  work  at  known  metabolic  rates.  By  using  a thermal  chamber  to 
minimize  environmental  heat  exchange*  a close  match  was  achieved  between 
metabolic  heat  production  and  LCG  heat  removal  plus  mechanical  work. 
However,  these  studies  leave  something  to  be  desired  in  that  they  imposed 
an  unr-*-ural  constraint  on  the  subject  by  eliminating  convective  and 
evaporative  heat  removal.  That  is,  the  outer  insulating  garment  usually 
consisted  of  a rubberized  or  neoprene  suit  that  permitted  sweating  but 
essentially  eliminated  evaporation  of  sweat  and  c ..y*ection  heat  transfer. 

To  date*  there  has  been  no  comprehensive  quantitative  1«.  ‘-ig 

LCG  performance  to  sweat  rate,  metabolic  rate  and  e > loss 
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rate  under  comfort  and  off-corafort  conditions.  Such  a study  would  permit 
the  calorimetric  use  of  an  LCG  to  determine  metabolic  rate  without 
inhibiting  the  normally  occurring  processes  of  convective,  evaporative 
and  radiative  heat  transfer. 

Part  of  the  difficulty  of  performing  such  an  investigation  can  be 
traced  to  the  complexity  and  inherent  inaccuracy  of  techniques  for  meas- 
uring the  convective,  evaporative  and  radiative  heat  loss  from  exercising 
subjects  wearing  an  LCG.  However,  for  the  experimental  study  that  com- 
prised the  present  research  effort  (described  subsequently  in  Section  2), 
a new  approach  has  been  utilized.  A mathematical  model  of  the  human 
thermoregulatory  system  was  combined  with  a detailed  environmental  model 
including  the  effects  of  the  LCG,  and  then  used  in  conjunction  with 
experimental  data  to  determine  parametric  relationships  between  LCG  per- 
formance and  metabolic  rate.  In  addition  to  providing  a calorimetric 
method  for  estimating  metabolic  rate,  this  technique  also  permits  accurate 
predictions  of  sweat  rate  and  evaporative  heat  loss  rate  for  comfort  and 
off-comfort  conditions,  while  simultaneously  offering  a quantitative  means 
of  assessing  thermal  comfort. 

HISTORICAL  LEVELOPMENT  AND  USE  OF  THE  MATHEMATICAL  MODEL 

It  was  mentioned  earlier  that  Buchberg  ^.nd  Hurrah  (21),  followed 
later  by  Shitzer,  Chato  and  Hertig  (118,  119),  deduced  important  physio- 
logical characteristics  of  LCG  performance  by  using  mathematical  and 
theoretical  principles  to  simulate  the  Interactions  between  the  human 
physiological  system  and  the  LCG.  However,  their  analyses  were  inadequate 
in  one  very  important  respect:  they  failed  to  account  for  the  variable 

and  d3mamic  effects  of  the  human  thermoregulatory  system.  Furthermore, 
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since  they  were  only  concerned  with  analyzing  a small  region  of  tissue^ 
they  did  not  consider  the  effects  of  other  body  regions  a distance  away. 

These  effects  cannot  be  ignored,  since  every  region  of  the  body 
contributes  to  the  total  body  heat  balance  which,  in  turn.  Influences 
Important  thermoregulatory  system  parameters  such  as  sweating,  peripheral 
circulation  and  shivering.  As  a consequence  of  this  property  ''f  feedback 
control  exhibited  by  human  thermoregulation,  the  local  heat  balance  of 
every  region  of  the  body  affects  every  other  region.  Any  theoretical 
analysis  of  human  heat  loss  is  therefore  incomplete  unless  it  accounts 
for  such  interactions. 

Of  course,  it  may  be  argued  that  many  of  these  interac  ions  are 
quite  complex  and  poorly  understood.  However,  a considerable  body  of 
knowledge  about  these  effects  has  been  accumulated  in  recent  years  through 
various  research  programs.  Consequently,  the  major  mechanisms  of  human 
thermoregulation  are  fairly  well  known*  Examples  of  those  mechanisms  are 
shown  in  Figure  1-1. 

While  it  is  true  that  many  of  the  pathways  shown  are  quite  complex, 
it  is  also  true  tnat  the  validity  of  any  theoretical  or  mathematical 
analysis  of  human  thermoregulation  depends  greatly  upon  the  extent  to 
which  it  faithfully  reproduces  these  physiological  processes.  The  most 
efficient  way  to  account  for  these  processes,  and  yet  simultaneously  learn 
more  about  them,  is  by  the  use  of  a mathematical  model  of  the  human  thermo- 
regulatory system. 

An  essential  element  of  the  present  research  effort  has  been  the 
development  and  utilization  of  such  a model.  The  use  of  this  model  has 
been  beneficial  in  three  important  respects:  first,  it  has  enhanced  the 

interpretation  and  understanding  of  the  physical  processes  affecting 
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the  experimental  results;  secondly^  the  quantitative  accuracy  of  the 
nK>del  has  been  evaluated  and  Improved  by  comparison  with  the  test  dat.:« 

This  has  resulted  in  a high  degree  of  confidence  in  the  ability  of 
the  model  to  predict  the  thermal  response  of  man  to  his  environment. 

Finally 9 the  model  predictions,  in  conjunction  with  the  test  data,  con- 
stituted an  effective  tool  with  which  to  investigate  the  ability  of  the 
LCG  to  control  heat  stress.  These  results  irare  used  to  establish  physio- 
logical trends  that  provided  insight  into  the  behavioral  response  of  man 
to  heat  stress. 

The  development  and  utilization  of  mathenatical  models  of  biological 
systems  is  not  a new  phenomena.  Scientists  have  been  intrigued  and 
fascinated  by  the  workings  of  the  human  thermoregulatory  system  since  the 
18th  Century,  when  the  F. anch  chemist  Lavoisier  established  the  fact  that 
the  human  body  generates  heat  (116).  It  has  been  known  for  many  years  that 
the  thermoregulatory  system  was  capable  of  maintaining  a fairly  constant 
deep  body  temperature  under  a wxde  range  of  environmental  conditions  by 
dissipating  or  preserving  heat.  The  early  attempts  to  understand  this 
behavior  consisted  of  observing  the  thermal  response  of  individuals  under 
natural  and  laboratory  controlled  conditions.  However,  this  approach  soon 
reached  a point  of  diminishing  rpturn,  and  it  was  clear  that  more  sophis- 
ticated methods  of  study  were  required.  It  was  from  tills  need  that  the 
concept  of  the  mathematical  model  was  derived. 

The  first  mathematical  model  of  human  therraoregulatiDn  to  appear  in 
the  literature  was  introduced  by  Burton  in  193A  (22).  By  utilizing  the 
principles  of  conservation  of  mass  and  energy,  he  appears  to  have  been  the 
first  to  apply  the  equations  of  heat  transfer  and  thermodynamics  to  the 
human  body.  His  analysis  considered  the  body  as  a single  homogeneous 
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entity  within  a control  volume*  It  was  from  this  approach  that  the  familiar 
total  body  heat  balance  equation  was  formulated. 

In  1945,  a new  approach  emerged^  whereby  the  body  was  divided  into 
two  concentric  shells^  each  at  a uniform  tenperature  (44).  The  inner 
shell  constituted  the  core  and  was  designated  the  deep  body  or  rectal 
temperature,  while  the  outer  shell  was  assigned  the  average  skin  tempera- 
ture. This  cere  and  skin  technique  provided  satisfactory  solutions  for 
simple  problms  and  remained  popular  until  the  late  1950s.  However, 
soon  became  ub'/lous  that  the  2-shell  approach  had  three  basic  shortcomings. 
Firstly,  by  approximating  the  entire  body  as  a single  inner  segment  sur- 
rounded by  an  outer  segment.  It  failed  to  account  for  the  physiological 
differences  between  separate  regions  of  the  body.  Thus,  the  interactions 
between  the  arms,  legs,  head,  hands  and  feet,  etc.,  were  neglected  and 
instead,  approximated  by  one  overall  segment.  Secondly,  by  approximating 
Che  continuous  temperature  profile  between  the  skin  and  the  deep  body  with 
a discrete  temperature  profile  consisting  of  only  2 temperatures,  signifi- 
cant errors  would  arise  when  a large  temperature  difference  existed 
between  the  skin  and  the  air.  Finally,  this  method  failed  to  account  for 
the  various  sensing  and  control  mechanisms  of  the  thermoregula' ory  system. 

As  a consequence  of  these  insufficiencies,  the  2-shell  approach  was 
inadequate  to  handle  all  but  the  simplest  of  problems. 

With  the  advent  and  availability  of  high  speed  digital  and  analog 
computers  in  the  late  1950s  and  early  1960s,  the  restraints  which  had  pre- 
vented the  correction  of  the  above  inadequacies  were  removed.  It  becan.e 
possible  to  implement  advanced  mathematical  techniques  on  computers,  which, 
beforehand,  could  not  be  practically  utilized  in  hand  calculations.  These 
methods  permitted  the  solution  of  the  complex,  simultaneous  differential 
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heat  transfer  equations  that  resulted  from  consideration  of  the  effects  of 
several  distinct  body  compartments,  multiple  layers  of  tissue  within  each 
compartment,  and  the  sensory  and  motor  responses  of  the  human  thermoregu-^ 
latory  control  system. 

With  the  availability  of  advanced  computational  techniques,  many 
Investigators  embarked  on  the  development  of  more  sophisticated  mathemat** 
leal  models.  Several  excellent  reviews  of  these  models  are  available  In 
the  literature.  The  interested  reader  is  directed  to  the  works  of  Chato 
and  Hertlg  (34),  Shitzer,  Chato  and  Hertig  (118),  Fan  et  al,  (48),  and 
Shltzer  (116)  for  a more  comprehensive  historical  overview  and  technical 
description  of  the  major  mathematical  models  developed  through  1972,  In 
the  forefront  of  the  research  in  this  area  has  been  the  J.  B,  Pierce 
Foundation  Laboratory  at  the  Yale  University  School  of  Medicine.  Since 
1961,  Drs.  J.  Stolwljk  and  J.  Hardy  of  this  institution  have  been  inten- 
sively Investigating  the  responses  of  the  human  thermoregulatory  system 
by  the  use  of  mathematical  models  In  close  connection  with  an  experimental 
program  (138-138).  Their  approach  Is  described  in  the  following 
summary  (116): 

•*The  human  body  is  represented  by  three  (or  more)  cylinders: 
the  head,  the  trunk  and  the  extremities.  Each  cylinder  is 
divided  Into  two  or  more  concentric  layers  to  represent 
anatomical  and  functional  differences  In  so  far  as  they  are 
of  primary  importance  In  thermoregulation.  Heat  flow  between 
adjacent  layers  is  by  conduction,  and  all  layers  exchange  heat 
with  the  environment  by  convection  with  a central  blood  com- 
partment. All  three  skin  layers  exchange  heat  with  the 
environment  by  conduction,  convection,  radiation  and  evapora- 
tion. Signals  which  are  proportional  to  temperature 
deviations  In  the  brain  and  to  deviations  in  average  skin 
temperature  are  supplied  to  the  ^-egulator  portion  of  the 
model.  The  regulator  then  causes  evaporative  heat  loss, 
heat  production  by  shivering,  or  changes  in  the  peripheral 
blood  flow  to  occur  in  the  appropriate  location  in  the  body. 

If  a proposed  mechanism  of  thermoregulation  is  expressed  in 
quantitative  form,  it  describes  the  relationships  between 
the  input  signals  and  the  resulting  thermoregulatory 
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response;  the  model  can  be  used  to  compare  the  quantitative 
response  lesulting  from  a proposed  mechanism  with  the 
responses  obtained  by  measurement.  A number  of  experimental 
results  are  compared  with  prediction  furnished  by  the 
mathematical  model  using  a regulator  with  an  output 
which  is  proportional  to  the  product  of  the  input 
signals** 

The  mathematical  model  utilized  in  the  experimental  program  described 
in  the  present  dissertation  is  based  largely  upon  the  Stolwijk-^Hardy 
concept.  The  evolution  of  the  model  has  been  taking  place  since  1965  at 
NASA's  Johnson  Space  Center  in  a developmental  program  concurrent  with  the 
research  of  Stolwljk  and  Hardy. 

The  model  initially  consisted  of  the  2-shell  concept  discussed 
earlier.  A set  of  thermoregulatory  control  mechanisms  was  added,  followed 
by  the  growth  of  the  model  to  3,  6,  and  finally  10  cylinders,  representative 
of  the  various  body  elements.  The  current  model  has  a separate  cylindrical 
element  for  the  head,  the  trunk,  each  arm,  each  leg,  each  hand  and  each 
foot.  The  number  of  concentric  layers  within  each  cylinder  has  also 
increased  from  2 to  4,  with  a separate  region  for  the  inner  core  surrounded 
by  layers  of  muscle,  fat  and  skin. 

Characterization  of  the  thermoregulatory  system  has  become  increas- 
ingly more  sophisticated  as  research  provided  more  information  on  the 
nature  of  the  primary  physiological  processes.  The  current  model  utilizes 
the  latest  sensory-motor  pathways  identified  by  the  J.  B.  Pierce  Foundation 
and  consists  of  dynamic  feedback  and  Interplay  between  all  of  the  body 
elements  and  layers.  This  includes  the  effects  of  interactions  between 
all  body  regions  with  a central  blood  compartment  which  contacts  these 
regions.  Each  of  the  10  skin  layers  excher.ges  heat  with  the  environment 
by  conduction,  convection,  evaporation  and  radiation. 
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A considerable  effort  has  been  spent  in  developing  the  equations 
describing  these  heat  transfer  mechanisms  and  correlating  them  with 
experimental  data  (80,  83,  85).  The  current  model  Is  capable  of  account- 
ing for  the  heat  transfer  effects  of  surrounding  garments  ranging  from  an 
undergarment  to  a multilayered  space  suit.  This  Includes  the  simulation 
of  the  LCG,  which  constitutes  an  important  part  of  this  research  study. 

The  model  can  also  account  for  the  effects  of  variations  In  the  properties 
of  the  surrounding  environmental  gas,  as  well  as  variations  in  ambient 
pressure,  temperature,  humidity,  gas  flowrate  and  incident  environmental 
radiation.  Finally,  heat  exchange  between  the  environment  and  the  respira- 
tory tract  is  also  considered  by  incorporating  empirical  relationships 
derived  from  previous  experimental  studies  or  from  the  literature.  A more 
detailed  description  of  the  mathematical  model  follows  subsequently  in 
Section  2. 

General  Purpose 

The  mathematical  model  described  above  was  used  in  conjunction  with 
the  results  of  an  experimental  program  to  generate  important  physiological 
Information.  A calorimetric  technique  was  found  to  relate  the  heat  dissi- 
pated by  the  LCG  tc  the  metabolic  rate,  sweat  rate  and  thermal  comfort 
of  human  subjects.  It  was  found  that  individuals  controlled  their  LCG 
cooling  in  such  a way  as  to  minimize  sweating  according  to  a predictable 
relationship.  A quantitative  assessment  of  thermal  comfort  was  investi- 
gated and  a study  of  the  behavic.’al  and  physiological  responses  to 
off-comfort  environmental  conditions  was  pursued.  The  accuracy  of  the 
model  was  Improved  by  adjustment  of  several  model  parameters  that 
ultimately  resuxted  in  better  agreement  with  the  test  data,  and  conversely, 
the  correlated  model  was  used  as  a tool  to  study  unusual  experimental 
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results.  Finally,  this  effort  culminated  in  the  formulation  of  a new, 
second  generation  mathematical  model,  with  improvements  designed  to 
correct  the  major  inadequacies  illuminated  by  this  study. 

A description  of  the  detailed  experimental  procedures  utilized  to 
deduce  the  above  findings  now  follows  in  Section  2*  The  actual  results 
are  shown  and  examined  in  detail  in  Section  3.  However,  the  analysis  of 
mauy  of  these  results  is  quite  complex  and  time  consuming*  Therefore, 
for  the  reader  who  does  not  wish  to  pursue  this  level  of  detail,  the 
major  findings  and  practical  applications  of  these  findings,  are  summarized 
in  the  discussion  of  Section  4, 
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Figure  1-1.-  Responses  of  Che  human  thermoregulatory  system 


2.  MATERIALS  AND  METHODS 
GENERAL 

The  experiments  herein  described  were  conducted  to  provide  information 
In  several  vital  areas.  From  an  engineering  standpoint,  the  primary 
objective  was  to  demonstrate  the  capability  of  NASA’s  portable  life 
support  system  equipment  to  meet  the  design  specifications  required  for 
extravehicular  activity  (EVA)  on  the  lunar  surface.  From  a physiological 
standpoint,  these  tests  were  conducted  to  ensure  that  man  could  satis- 
factorily perform  scientific  tasks  while  exposed  to  the  harsh  environmental 
stress  of  space. 

Although  the  primary  justification  for  these  experiments  was  to 
provide  confidence  that  the  life-support  equipment  could  thermally  support 
the  first  Apollo  lunar  landing  missions,  by  utilizing  the  data  in  a 
systematic  and  orderly  fashion,  it  was  possible  to  investigate  the 
physiological  response  of  the  human  thermoregulatory  system  under  stress. 
The  internal  heat  of  metabolic  activity  can  lead  to  thermal  stress  when 
man  is  sealed  in  the  impermeable  cocoon  of  a space  suit.  Under  these 
conditions,  body  heat  cannot  be  efficiently  dissipated  to  the  environment 
by  conventional  heat  rejection  mechanisms.  However,  thermal  comfort  can 
be  provided  by  the  use  ^f  a liquid  conditioning  garment  (LCG)  in 
conjunction  with  a forced  oxygen  ventilation  system. 

Tlie  following  experiments  pro\*ide  considerable  data  on  the  perform- 
ance of  human  subjects  while  wearing  an  LCG  to  reject  metabolic  heat  as 
contrasted  with  the  more  conventional  mechanisms  of  convective,  evaporative 
and  radiative  heat  removal.  In  addition,  these  data  were  used  to  correlate 
and  verify  a mathematical  model  o'^  the  human  thermoregulatory  system. 
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which  was  used,  In  turn,  to  establish  trends  in  the  physiological  response 
of  man  to  thermal  stress. 

FACILITIES,  SUBJECTS,  AND  EQUIPMENT 

All  of  the  experiments,  with  the  exception  of  Series  E,  were 
conducted  at  the  facilities  of  NASA’s  Johnson  Space  Center,  in  Houston, 
Texas,  for  environments  ranging  from  room  temperature  to  simulated  lunar 
surface  conditions.  Hypobaric  thermal  vacuum  chambers  were  utilized  to 
simulate  the  desired  space  environments.  These  consisted  of  the  8-foot 
diameter  hypobaric  chamber  of  the  Crew  Systems  Division  laboratories  and 
the  Chamber  B facility  of  the  Space  Environment  Simulation  Laboratory. 

The  hypobaric  chambers  provided  the  capability  of  controlling  the  ambient 
temperature,  humidity,  pressure  and  ultraviolet  and  infrared  radiation 
to  the  desired  requirements  of  each  test  series  (6,  46,  47,  88,  129). 

This  included  the  capability  to  vary  ambient  pressure  from  sea  level  to 
below  10  tort  and  to  control  external  space  suit  temperatures  to  limits 
as  extreme  as  ± 122 ^C. 

The  test  program  consisted  of  5 series  of  tests  in  which  subjects 
exercised  at  prescribed  metabolic  rates  for  periods  of  time  ranging  from 
30  min  to  7 hrs,  while  wearing  an  LCG  for  conductive  cooling.  For  Series 
A,  B,  C,  and  D,  thirteen  healthy  adult  males,  all  of  whom  were  either 
NASA  test  subjects  or  astronauts,  were  used  1.*  the  experiments.  For 
Series  E,  12  healthy  adult  males,  all  of  whom  were  NASA  astronauts,  were 
used  as  subjects. 

For  the  sea-level  test  series  (Series  A),  subjects  wore  the  snug- 
fitting  LCG  under  an  artlc  coverall  garment  designed  to  minimize  heat  loss 
to  the  environment.  A small  area  of  the  face  was  exposed  to  the  room 
temperature  environment. 
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For  the  hypobarlc  experitnents  (Series  B,  C and  D),  and  for  Series 
E,  subjects  wore  the  LOG  under  the  Apollo  A7L  space  suit.  This  fj?.l 
pressure  suit  provided  pressure  integrity^  oxygen,  ventilation,  and 
thermal  protection  (46).  The  oxygen  ventilation  flow  path  thrc  the 
A7L  suit  was  normally  directed  to  the  head,  flowing  initially  across  the 
oral*nasal  area,  then  over  the  torso  and  limbs,  and  finally,  to  the  hands 
and  feet*  This  flow  path  provided  convective  and  evaporative  heat  removal 
and  prevented  the  buildup  of  carbon  dioxide  in  the  facial  area.  The 
ventilating  gas  was  then  collected  in  ducts  located  near  the  hands  and 
feet  and  directed  out  of  the  suit  through  appropriate  m.inifolding  (See 
Figure  2-1). 

For  the  tests  conducted  in  the  8-foot  diameter  hypobaric  chamber 
(Series  B and  C)  the  outlet  gas  exiting  the  suit  was  then  directed,  by 
means  of  umbillcals,  to  condensing  heat  exchangers,  contaminant  control 
filters  and  pumps  within  the  chamber  facility  Here,  the  temperature, 
humidity  and  flowrate  were  controlled  to  the  desired  requirements  of  each 
:est,  and  carbon  dioxide  and  other  contaminants  were  removed.  This 
conditioned  oxygen  was  then  returned  to  the  suit  by  means  of  a suit  inlet 
umbilical. 

For  the  test  sequences  conducted  in  the  Chamber  B Space  Environment 
Simulation  Laboratory  (Series  D),  and  for  Series  E,  the  outlet  gas  exiting 
the  suit  was  directed  to  the  NASA  portable  life  support  system  (PLSS). 

The  PLSS  was  worn  on  the  back  of  a suited  subject  in  "knapsack**  fashion 
and  attached  to  the  A7L  suit  by  means  of  a harness-umbilical  arrangement. 
Because  the  PLSS  was  designed  to  operate  in  the  1/6  gravity  environment 
of  the  lunar  surface,  it  became  necessary  to  relieve  5/6  of  its  weight 
during  Series  D,  in  order  for  the  test  subjects  to  experience  realistic 
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weight  constraints  and  stend  upright  comfortably^  This  was  accomplished 
by  means  of  a counterweight  mechanism  (46). 

The  PLSS  conditioned  the  suit  outlet  gas  temperature  and  humidity 
by  making  use  of  a porous  plate  sublimator  that  utilized  the  low  pressure 
sublimation  thermodynamics  of  a vacuum  (7,  63,  75).  Heat  was  rejected 
and  moisture  was  removed  when  the  suit  outlet  gas  was  indirectly  exposed 
to  an  ice  layer  formed  on  the  surface  of  the  sublimator.  The  ice  w^s 
formed  when  water  supplied  by  a feedwater  storage  tank  within  the  PlSS 
was  exposed  to  vacuum  conditions  on  the  exterlcr  surface  of  the  sublimator 
plate.  The  ice  layer  removed  the  heat  from  the  ventilating  gas  (and 
also  f \om  the  circulating  outlet  water  of  the  LCG)  and,  in  so  doing, 
sublimated  directly  to  a vapor.  As  the  ice  layer  sublimated  away,  it  was 
continually  replaced  by  the  freezing  of  water  supplied  from  the  feedwater 
storage  tank. 

The  amount  of  feedwater  in  the  feedwater  tank  was  one  of  the  major 
life  support  system  consumables  of  the  PLSS,  and  since  it  was  used 
primarily  to  cool  the  suit  oxygen  and  LCG  water  exiting  the  suit,  its 
usage  rate  was  directly  proportional  to  the  metabolic  rate  of  the  test 
subject  (82).  This  can  be  seen  from  the  total  heat  balance  equation  shown 
in  Figure  2-2  and  by  examination  of  the  PLSS  oxygen  and  LCG  water  loop 
flow  paths  (Figure  2-3).  Here,  most  of  the  heat  of  metabolism  is  dissipated 
to  the  LCG  or  by  sensible  convection  or  latent  evaporation  of  body  moisture 
to  the  circulating  oxygen.  These,  in  turn,  find  their  way  into  the  PLSS 
oxygen  and  LCG  water  circuits.  The  conditioned  gas  and  LCG  water  leaving 
the  PLSS  then  return  to  the  suit  inlet  with  the  temperature,  humidity 
and  flowrate  controlled  to  the  desired  requirements  necessary  for  metabolic 
heat  removal. 
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Removal  of  metabolic  end  products,  primarily  CO^,  was  also  accomp- 
lished in  the  PLSS  by  passing  the  ventilating  gas  through  a cannister 
containing  lithium  hydroxide  and  activated  charcoal.  The  internal 
components  and  flow  paths  for  the  PLSS  are  shown  in  more  detail  schematic- 
ally in  Appendix  A. 

The  PLSS,  together,  with  the  LCG,  and  the  Apol?o  A7L  space  suit  with 
its  oxygen  ventilation  system,  comprise  what  is  referred  to  as  the  extra- 
vehicular mobility  unit  (EMU).  This  is  shown  in  Figure  2-4  and  Appendix 
A,  Figures  A5-A7.  Leading  particulars  of  the  EMU  and  the  Apollo  A7L  space 
suit  are  also  shown  in  Appendix  A.  Additional  details  on  the  construction 
and  design  of  the  EMU  may  be  found  in  References  30  and  46. 

LIQUID  CONDITIONING  GARMENT 

The  LCG  was  originally  developed  to  provide  conductive  cooling  for 
men  resting  or  mildly  active  in  hot  environments  (12).  It  was  then 
modified  to  meet  the  needs  of  NASA  in  which  individuals  were  required  to 
work  strenuously  while  isolated  from  direct  heat  exchange  with  the  outside 
environment. 

For  Series  A-E,  the  liquid  conditioning  garments  used  were  the 
standard  Apollo-type  LCGs.  The  garment  consisted  of  a network  of  polyrvinyl 
chloride  (PVC)  tubing  stitched  to  the  inside  surface  of  the  open  mesh 
cotton  garment  (see  Figure  2-5).  A lightweight  nylon  comfort  layer  was 
used  to  separate  the  tu  ing  network  from  the  skin  surface.  The  LCG 
incorporated  91  meters  of  PVC  tubing  fabricated  with  an  ID  of  1.6  nrn  and 
OD  of  3.2  ram.  The  tubes  were  sewn  to  the  inside  of  the  cotton  under- 
garments and  covered  the  skin  area  with  the  exception  of  the  head,  neck, 
hands  and  feet.  When  fully  charged  with  water,  the  LCG  weighed  about 
1 kgtn  • 
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The  water  flow  to  the  LCG  was  supplied  through  a temperature 
regulating  system  located  either  In  the  chamber  facility  (Series  A,  6, 
and  C)  or  in  the  ^LSS  (Series  D and  E).  The  water  temperature  for  all 
tests  was  varied  between  7 and  26^C  depending  upon  test  requirements. 

For  Series  A,  B,  and  C,  water  temperature  was  controlled  by  an  external 
heat  exchanger  In  the  chamber  facility  according  to  a predetermined 
profile.  For  Series  D and  E,  a 3-position,  check-stop  diverter  valve 
located  on  the  PLSS,  pemitted  the  subiect  to  select  cold,  moderate  or 
warm  inlet  water  temperatures,  in  accordance  with  his  own  subiective 
comfort.  This  valve  controlled  the  inlet  water  temperature  by  diverting 
a portion  of  the  water  flow  around  the  ^LSS  sublimator. 

The  LCG  water  flowrate  was  controlled  to  109  liters/hr  for  all  tests, 
with  the  exception  of  Series  C where  flowrate  was  varied  oe tween  0 to  82 
liters/hr.  The  inlet  and  outlet  LCG  water  t«nperatures  were  measured  by 
thermistors  for  all  tests. 

The  LCG  i^ter  flowrate  was  measured  with  a rotometer  in  all  cases 
except  Series  D and  E,  where  it  was  regulated  by  the  PLSS  to  a fixed, 
calibrated  flow  of  about  109  liters/hr.  other  pertinent  details  about 
the  LCG  may  be  found  in  Appendix  A,  and  information  concerning  the 
manufacturers  and  descriptions  of  the  LCG  and  other  equipment  used  in 
these  experiments  are  listed  in  Table  A3  of  Appendix  A. 

TEST  PROGRAM 

The  test  program  followed  in  these  experiments  was  organized  in  such 
a fashion  as  to  maximize  the  physiological  information  gained  about  the 
performance  of  human  subjects  working  in  LCGs,  and  yet  still  provide 
enough  data  to  correlate  and  validate  the  mathematical  model  of  the  human 
thermoregulatory  system.  Each  of  the  test  series  was  conducted  under 
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unique  condltlonSt  yet  slnllar  enough  to  the  otlK  test  series  to  i>erait 
parametric  analysis  of  the  results. 

For  example » Series  A was  conducted  in  a room  temperature  environoient » 
with  subjects  wearing  an  insulating  coverall  garment  designed  to  limit 
convection  and  radiation  loss.  There  was  no  air  ventilation  flow  across 
the  skin  and  all  runs  were  made  at  sea  level  pressure.  LCG  flowrate 
was  constant  and  LCG  inlet  temperature  was  varied. 

Series  B was  conducted  in  a vacuum  environment  below  10  torr. 

Subjects  wore  an  Apollo  A7L  space  suit  with  gas  ventilation  consisting  of 
oxygen  circulating  at  170  liters/min.  The  suit  was  pressurized  to  195 
torr.  LCG  flowrate  was  again  constant  and  LCG  inlet  temperature  was 
varied.  The  chamber  environment  was  kept  near  room  temp?rature  in  order 
to  minimize  radiative  interchange  with  the  environment. 

Series  C wa;  performed  at  a reduced  pressure  of  259  torr.  The 
chamber  temperature  was  again  neutral  to  eliminate  radiation  heat  transfer 
between  the  subjects  and  the  ambient  environment.  The  subjects  again  wore 
the  Apollo  A7L  suit  over  the  LCG.  However,  in  this  case,  the  circulating 
flowrate  of  the  oxygen  ventilating  system  was  almost  doubled  to  331 
liters/min.  The  suit  was  maintained  at  the  ambient  pressure  of  259  torr, 
so  that  no  differential  pressure  existed  between  the  suit  and  the 
environment.  For  Series  C,  the  LCG  flowate  was  varied  while  the  inlet 
temperature  was  maintained  constant.  This  permitted  direct  comparison 
with  other  tests  for  which  the  flowrate  was  fixed  and  the  inlet  tempera-* 
ture  vras  varied. 

Series  D and  E were  conducted  in  a vacuum  environment  with  all 
critical  life-support  system  functions  being  controlled  by  the  PLSS* 

The  ambient  pressure  was  below  10  torr,  but  subjects  wore  the  A7L  suit 
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pressurized  to  195  torr.  The  oxygen  ventilation  systen  was  regulated  by 
the  PLSS  to  a circulating  flow  of  170  liters/min.  The  LOG  flowrate  was 
again  constant  at  109  llters/hr  and  the  inlet  tenperature  was  varied. 
However^  in  these  tests,  the  inlet  teaperature  was  selected  entirely  in 
accordance  %rith  subjective  comfort,  as  opposed  to  the  other  test  series 
in  which  either  temperature  or  flowrate  was  varied  according  to  a pre- 
determined. parametric  profile.  For  Series  D.  the  chamber  environment 
was  varied  in  a parametric  fashion  from  very  hot  to  very  cold.  This 
permitted  the  additional  benefit  of  providing  comparative  data  with  the 
previous  test  series  in  which  the  surrounding  environments  were  thermally 
neutral. 

For  Series  E,  the  lunar  environment  and  the  life-support  equipment 
used  were  similar  to  Series  D.  However,  on  the  lunar  surface,  the  effect 
of  gravity  was  only  1/6  as  great  as  the  4 Earth-based  test  series. 

Additional  details  of  the  experimental  methods  and  procedures  for 
each  test  series  will  now  be  presented. 

Series  A 

The  Series  A experiments  consisted  of  11  test  sequences  in  which  5 
subjects  were  exercised  at  metabolic  rates  ranging  from  rest  to  vigorous 
activity  (100  to  620  watts)  while  wearing  an  LCG  under  an  arctic  clothing 
assembly  in  a room  temperature  environment.  All  tests  were  conducted  at 
sea-level  pressure.  The  tests  were  all  2 to  3 hours  in  duration  and 
steady-state  data  were  collected  during  the  final  30  - 60  minutes  of  each 
sequence.  All  tests  were  conducted  using  an  LCG  water  flow  of  109 
liters/hr  and  an  inlet  temperature  of  either  7 or  16®C. 

Metabolic  rates  were  measured  by  collecting  gas  samples  at  approxi- 
mately 5 rain  intervals  in  Douglas  bags.  Oxygen  consumption  and  carbon 
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dioxide  production  rates  were  determined  from  these  samples  by  using  a 
Tissot  spirometer » followed  by  chemical  analysis  using  the  Scholander 
technique  (115) • These  values  were  used  to  determine  a respiratory 
quotient  and  metabolic  rate  (see  Appendix  C,  Figure  Cl).  The  metabolic 
rate  was  controlled  by  varying  the  speed  of  a motor-driven  treadmill. 

A biomedical  harness  was  utilized  to  measure  several  body  skin 
temperatures.  These  included  temperature  measurements  for  the  forehead » 
chest,  arms,  legs,  back,  hands,  and  feet.  Copper-constantan  thermocouples 
were  used  for  the  measurements.  A rectal  temperature  thermistor  and  ECG 
sensors  were  also  included  in  the  biomedical  harness  to  measure  rectal 
temperature  and  heart  rate.  Thermistors  were  used  to  measure  LCG  inlet 
and  outlet  water  temperatures  and  a rotometer  was  used  to  measure  LCG 
water  flowrate.  All  of  the  above  temperatures  were  recorded  at  intervals 
of  5 minutes  or  less  and  used  to  determine  LCG  heat  removal,  total  body 
heat  storage  and  heat  storage  rate  (See  equations  3,  4,  and  5,  Section  2). 

A human  balance  with  an  accuracy  of  ±5  grams  was  used  to  measure 
the  subjects  pre-test  and  post-test  weights.  These  data  were  used  to 
determine  sweat  rate  and  evaporative  heat  loss  (See  sample  calculation. 
Appendix  C). 

Due  to  the  nature  of  the  tasks  performed,  subject  mechanical 
work  was  very  small  and  neglected  in  the  results. 

All  of  the  raw  data  for  Series  A,  including  environmental  and  meta- 
bolic conditions,  are  presented  in  Table  D1  of  Appendix  D.  The  results 
calculated  from  these  data,  include  ^ the  overall  body  heat  balance, 
are  shown  in  Table  3-1  of  Section  3. 
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Series  B 


Series  B consisted  of  a group  of  4 tests,  each  comprising  4 to  7 
separate  test  sequences  in  which  2 subjects  were  exercised  at  metabolic 
rates  from  moderate  to  vigorous  activity  (256  to  556  watts).  The  subjects 
wore  the  Apollo  A7L  space  suit,  which  provided  gas  ventilation,  over  the 
LCG.  All  tests  were  conducted  in  the  8-foot  diameter  hypobaric  chamber 
of  the  Crew  Systems  laboratories  at  the  Johnson  Space  Center.  The 
chamber  pressure  was  essentially  a vacuum  at  IJ  torr  or  less  while  the 
suit  pressure  was  regulated  to  195  torr  pure  oxygen. 

All  test  sequences  were  30  minutes  in  duration  and  data  were  collected 
continuously.  Steady-state  conditions  were  recorded  at  the  conclusion 
of  each  30  minute  test  sequence.  All  tests  were  conducted  using  an  LCG 
water  flowrate  of  109  llters/hr  and  an  inlet  temperature  that  was  varied 
between  7 and  25®C  according  to  the  predetermined  profile  shown  in  Table 
D2  of  Append 5 X D. 

The  ventilating  gas  through  the  A7L  suit  was  supplied  by  the  chamber 
environmental  equipment  and  consisted  of  pure  oxygen  circulated  at  170 
liters/min  and  maintained  at  a temperature  of  20®C  and  a dewpoint  of 
4®C.  The  suit  outlet  gas  was  collected  and  delivered  to  the  chamber 
environmental  conditioning  equipment  by  means  of  umbilicals.  CO^  and 
humidity  were  removed  and  the  temperature,  dewpoint  and  flowrate  con- 
trolled to  the  suit  inlet  conditions  previously  specified.  Heat  added 
to  the  LCG  by  the  exercising  subject  was  also  removed  by  the  chamber 
environmental  conditioning  equipment.  The  circulating  oxygen  and  LCG 
water  were  then  delivered  back  to  the  suit  inlet  by  a return  umbilical. 

The  oxygen  and  LCG  inlet  and  outlet  temperatures  were  measured  by 
thermistors  and  were  recorded  continuously.  The  oxygen  and  water  flowates 
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wre  also  measured^  as  was  the  suit  inlet  and  outlet  dewpoint*  The  latter 
loeasurements  were  utilized  to  determine  LCG,  convective,  and  evaporative 
heat  removal  rates  on  a continuous  basis  during  the  test  (equations  S, 

6 and  7,  Section  2),  The  equilibration  of  these  values  was  used  as  an 
indication  of  steady-state. 

Metabolic  rates  were  measured  by  comparing  the  subjects  heart  rate, 
measured  with  ECG  sensors,  with  a predetermined  calibration  curve  of 
heart  rate  versus  metabolic  rate.  The  calibration  curve  was  determined 
prior  to  the  test  by  utilizing  bicycle  ergometry  apparatus  to  measure 
oxygen  consumption,  carbon  dioxide  production,  and  heart  rate  at  various 
controlled  resistance  workloads.  The  apparatus  also  included  a turbine 
flowmeter  and  a mass  spectrometer  to  measure  respiratory  flowrate  and 
respiratory  gas  compos^'ion  (0^  and  CO2).  This  information  was  then 
combined  to  determine  a calibration  curve  for  each  subject  to  be  used 
during  the  test  (see  equation  1 and  Figures  Cl  and  C2,  Appendix  C). 

The  mecabolic  rate  during  an  experiment  was  controlled  by  varying  the 
subject's  step  rate  on  a Harvard  step  test  until  his  heart  rate 
equilibrated  at  a point  representing  a desired  work  level,  as  determined 
from  the  calibration  curve. 

The  duration  of  ecch  sequence  in  this  test  series  was  from  the  onset 
of  exercise  until  the  outlet  gas  temperature,  dewpoint  and  LCG  outlet 
water  temperature  reached  steady-state.  This  was  approximately  30 
minutes  for  each  test  sequence.  The  use  of  the  space  suit  outlet 
r/^nditions  as  a monitor  for  the  achievement  of  steady-state  was  necessi- 
tated because  body  temperatures  were  not  measured  during  this  test  series. 

The  chamber  environment  was  neutral  with  no  imposed  heat  load.  The 
chamber  wall  and  air  temperature  were  about  27®C  and  it  was  assumed 
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chat  radiation  heat  transfer  through  the  Apollo  space  suit  was  small. 

As  in  all  other  test  series,  subject  mechanical  work  was  negligible  and 
not  considered  in  the  heat  balance* 

All  of  the  raw  data  for  Series  C,  including  environmental  and 
metabolic  conditions,  are  presented  in  Table  D2  of  Appendix  D.  The 
results  '^.alculated  from  these  data,  including  the  overall  body  heat 
balance,  are  shown  in  Table  3-2  of  Section  3* 

Series  C 

Series  C consisted  of  a sequence  of  10  tests  in  which  2 subjects 
exercised  at  constant  metabolic  rates  ranging  from  moderate  to  vigorous 
activity  (352-586  watts).  The  subjects  wore  the  A7L  space  suit  over  the 
LCG,  which  provided  gas  ventilation.  All  tests  were  conducted  in  the 
8-foot  diameter  hypobaric  chamber  of  the  Crew  Systems  Division  laboratories 
at  the  Johnson  Space  Center.  The  chamb  r pressure  was  regulated  to  259 
torr  absolute  and  the  suit  pressure  was  also  controlled  to  259  torr,  so 
that  there  was  no  pressure  differential  between  the  suit  and  the  chamber. 
The  chamber  environment  remained  near  room  temperature  throughout  each 
test  sequence,  and  radiation  exchange  between  the  subject  and  the  chamber 
was  minimal. 

All  test  sequences  were  30  minutes  in  duration  and  data  were  collected 
continuously.  Steady-state  data  were  recorded  at  the  conclusion  of  each 
test  sequence  after  body  temperatures  had  reach  equilibrium.  All  tests 
were  conducted  using  a constant  LCG  inlet  water  temperature  of  17  - 19®C 
with  a variable  water  flowrate  that  ranged  between  0 to  82  liters/hr, 
according  to  the  predetermined  profile  shown  in  Table  D3  of  Appendix  D. 

The  water  temperature  and  flowrate  were  supplied  and  controlled  by  heat 
exchangers  and  pumps  within  the  chamber  environmental  control  equipment. 
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The  flowrate  was  varied  in  such  a fashion  as  to  permit  parametric  exami- 
nation of  the  cooling  effects  of  variable  LCG  flow  at  constant  metabolic 
rates.  In  order  to  accomplish  this,  the  flowrate  was  Increased  sequen- 
tially in  a stepwise  fashion  for  a low  metabolic  rate.  This  sequence 
sequence  was  then  repeated  at  a higher  metabolic  rate,  and  so  on. 

The  ventilating  gas  through  the  A7L  suit  was  supplied  by  the  chamber 
environmental  control  equipment,  as  in  Test  Series  B,  and  consisted  of 
pure  oxygen  circulated  at  331  liters/mln.  The  suit  inlet  temperature  was 
controlled  between  22  - 27 “C  and  the  inlet  dewpoint  was  kept  between  7 and 
8®C.  The  suit  outlet  gas  and  LCG  water  were  collected  and  delivered  to 
the  chamber  environmental  conditioning  equipment  by  means  of  oxygen  and 
LCG  water  umbilicals.  CO^  and  humidity  v/ere  then  removed  and  the 
temperature,  dewpoint  and  flowrate  were  regulated  to  the  suit  inlet 
conditions  previously  specified.  The  conditioned  oxygen  and  LCG  water 
were  then  delivered  back  to  the  suit  inlet  by  a return  umbilical.  Oxygen 
and  LCG  water  inlet  and  outlet  temperatures  were  measured  by  thermistors 
and  recorded  continuously.  Oxygen  inlet  and  cutlet  dewpoints  and  oxygen 
and  LCG  water  flowrates  were  also  measured  and  continuously  monitored. 
These  measurements  were  used  to  compute  LCG,  convective,  and  evaporative 
heat  loss  rates  (see  equations  5,  6,  and  7,  Section  2). 

Metabolic  rates  were  measured  and  controlled  by  varying  the  subject’s 
step  rate  on  a Harvard  step  test  in  accordance  with  a predetermined 
calibration  of  metabolic  rate  versus  step  rate.  The  pre-test  calibration 
was  performed  by  collecting  gas  samples  for  each  subject  while  he  was 
stepping  at  a given  rate  on  the  Harvard  step  under  conditions  slrilar  to 
those  imposed  during  the  test.  The  gas  samples  were  then  analyzed  for 
0^  and  CO^  by  the  method  described  in  series  A,  and  an  RQ  and  metabolic 
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rate  determined  for  each  step  rate.  By  repeating  this  process  for  a 
series  of  step  rates,  several  data  points  were  determined  and  used  to 
generate  calibration  curves  such  as  Figure  C3  of  Appendix  C. 

A biomedical  harness  was  used  to  measure  several  body  skin  tempera-* 
tures.  These  included  temperature  measurements  for  the  forehead,  chest, 
abdomen,  back,  calf,  forearm,  hand,  and  thigh.  Copper-constantan 
thermocouples  were  used  for  these  measurements.  Tympanic  membrane 
temperature  was  also  measured  by  means  of  an  ear  probe  thermistor.  The 
latter  measurements  were  recorded  continuously  and  used  to  calculate  mean 
skin  temperature,  and  total  body  heat  storage  and  heat  storage  rate 
(equations  2,  3,  and  4,  Section  2).  ECG  sensors  were  also  included  in 
the  biomedical  harness  for  measurement  of  heart  rate. 

Tie  to  the  nature  of  the  tasks  performed,  subject  mechanical  work 
was  very  small  and  neglected  in  the  heat  balance, 

A1]  of  the  raw  data  for  Series  C,  includirg  environmental  and 
metabolic  conditions,  are  presented  in  Table  D3  of  Appendix  D,  The 
results  calculated  from  these  data,  including  the  overall  body  heat 
balance,  are  shown  in  Table  3^3  of  Section  3. 

Series  D 

Series  D consisted  of  a group  of  7 tests  in  which  4 subjects  worked 
at  metabolic  rates  ranging  from  rest  to  vigorous  activity  (143-615  watts). 
The  subjects  wore  the  A7L  space  suit  over  the  Apollo-LCG  and  also  carried 
a portable  life-support  system  (PLSS)  on  their  back  In  "knapsack" 
fashion.  The  PLSS  provided  oxygen,  ventilation,  and  conditioned  LCG 
water  to  the  suit.  All  tests  were  conducted  in  the  Space  Environment 
Simulation  Laboratory  (SESL),  hypobaric  chamber  B,  at  the  Johnson  Space 
Center.  The  chamber  pressure  was  maintained  at  10  torr  or  less  throughout 
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each  test  sequence,  while  the  suit  pressure  was  regulated  to  195  torr, 
pure  oxygen,  by  the  PLSS. 

The  thermal  environment  of  the  chamber  was  adjusted  for  each  test 
to  simulate  the  various  environmental  conditons  anticipated  during 
lunar  surface  explorations.  The  high  Incident  radiation  environments 
expected  during  the  lunar  day  x/ere  simulated  by  carbon-arc  solar  lamps 
utilizing  xenon  vapor,  and  by  infrared  heaters.  The  cold  conditions 
expected  during  lunar  night  were  simulated  by  circulation  of  liquid 
nitrogen  through  the  chamber  walls.  The  net  environmental  heat  exchange 
resulting  from  these  severe  chamber  environments  ranged  from  extremes 
of  137  watts  into  the  suit  to  72  watts  out  of  the  suit.  The  primary 
factor  in  the  limitation  of  the  radiative  heat  exchange  to  these  values 
was  the  insulation  characteristics  of  the  A7L  space  suit.  The  suit  v.all 
was  comprised  of  seven  layers  of  beta  cloth,  Kapton,  and  aluminized 
mylar,  which  provided  effective  insulation  from  thermal  radiation  and 
environmental  temperature  extremes. 

The  tests  ranged  In  duration  from  about  A to  7 hours  each,  and  data 
were  collected  continuously  over  each  test  period.  The  LCG  water  flowrate 
was  regulated  by  the  PLSS  to  about  109  liters/hr  and  the  LCG  inlet  tempera- 
ture was  controlled  by  the  subject  in  accordance  with  his  own  comfort 
throughout  each  test.  This  was  accomplished  by  means  of  a 3-position 
diverter  valve  located  on  the  PLSS.  The  inlet  temperatures  selected  by 
the  test  subjects  in  this  manner  ranged  from  6 to  30''C.  During  each  test, 
the  subject  was  requested  to  evaluate  his  feelings  of  comfort  and  thermal 
sensation.  This  Included  sensory  estimations  for  individual  areas  such 
as  the  limbs  or  extremities,  as  well  as  whole  body  sensations.  Ail  test 
subjects  were  experienced  in  the  ure  of  the  LCG  and  associated  equipment. 
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The  vencllating  gas  through  the  A7L  suit  was  supplied  by  the  PLSS 
and  consisted  of  pure  oxygen  circulated  at  170  liters/min  and  maintained 
at  a temperature  and  dewpoint  of  approximately  25®C  and  10®C,  respectively. 
The  suit  outlet  gas  and  LCG  water  were  collected  in  separate  umbilicals 
and  delivered  to  the  PLSS  for  conditioning.  The  PLSS  oxygen  ventilating 
circuit  first  resupplied  any  oxygen  lost  by  metabolic  consumption  or 
leaks*  The  suit  outlet  gas  then  passed  through  a contaminant  control 
assembly  where  carbon  dioxide  was  remov**d  by  chemical  reaction  vith 
lithium  hydroxide.  Odors  and  foreign  parti  les  were  filtered  out  by  an 
activated  charcoal  filter.  The  oxygen  was  then  circulated  to  a porous 
plate  sublimator,  which  cooled  it,  and  then  to  a wlcklng  water  separator, 
which  removed  the  evaporated  moisture  of  metabolism.  The  cooled,  dry 
oxygen  was  then  passed  to  a fan/motor  assembly,  which  forced  it  into  the 
suit  inlet  at  the  conditions  previously  specified.  The  PLSS  recirculating 
liquid  transport  loop  directed  the  LCG  outlet  water  to  the  PLSS  subllmator 
where  the  heat  added  by  metabolism  was  then  dissipated  by  sublimation  as 
previously  described.  The  cooled  LCG  ' *^ter  was  then  circulated  to  a 
pump/motor  assembly,  which  pumped  it  into  the  LCG  at  a flowrate  of  about 
109  11 ter s/hr.  The  temperature  of  the  inlet  watei  was  controlled  by 
diverting  part  or  all  of  the  water  flow  around  the  porous  plate  sublimator. 
This  was  done  manually  by  the  subject  by  means  of  the  PLSS  water  diverter 
valve,  which  could  be  turned  to  a MIN,  INTERMEDIATE,  or  MAX  position  for 
warm,  moderate  or  cool  water  temperatures. 

The  PLSS  also  contained  all  of  the  other  life  support  system  con- 
sumables and  equipment  required  for  EVA,  This  included  oxygen,  feedwater 
for  heat  rejection  by  sublimation,  communication  and  telemetry  equipment, 
electrical  power,  and  operating  controls  and  displays.  The  PLSS  was 
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attached  to  the  A7L  suit  by  means  of  a harness^  and  during  Series  D,  5/6 
of  Its  weight  was  relieved  from  the  test  subject  by  means  of  a counter- 
weight device. 

The  suit  Inlet  and  outlet  oxygen  and  water  temperatures  were  measured 
by  thermistors  and  recorded  continuously.  These  measurements  were  used 
to  calculate  convective  and  LCG  heat  removal  rates  (equations  5 and  6, 
Section  2).  The  evaporated  water  of  metabolism  was  collected  in  the  PLSS 
water  separator  and  measured  at  the  conclusion  of  each  test*  This  was 
used  to  determine  the  total  evaporative  heat  loss  over  the  duration  of 
each  test  (equation  3,  Appendix  C).  The  instar. <-^>aeous  evaporative  heat 
loss  rate  was  not  measured  directly  due  to  the  failure  of  dewpoint  sensors, 
however,  it  was  determined  by  a heat  balance  technique  that  will  be 
described  In  the  Series  D test  results.  The  net  environmental  heat 
exchange  into  or  out  of  the  suit  was  determined  by  an  engineering  heat 
balance  analysis  performed  on  the  PLSS  at  the  conclusion  of  each  test. 

This  analysis  was  based  upon  subtraction  of  the  amount  of  feedwater  used 
to  reject  metabolic  heat  from  the  total  amount  of  feedwater  used 
(equation  14,  appendix  C). 

The  metatiolic  rate  profile  for  each  test  was  designed  to  simulate  the 
actual  workloads  required  for  the  various  tasks  and  experiments  to  be 
performed  on  the  lunar  surface.  The  metabolic  rate  was  controlled  by 
varying  the  step  rate  on  a Harvard  step  test  in  accordance  with  a 
predetermined  calibration  of  metabolic  rate  versus  step  rate  for  each 
subject.  The  pre-test  calibration  was  performed  by  a procedure  identical 
to  that  of  Series  C*  In  addition,  the  metabolic  rate  was  estimated  on  a 
real-time  basis  by  using  the  LCO  heat  removal  rate  and  inlet  temperature 
data  and  the  PLSS  oxygen  usage  rate  data  (82,  147).  This  Information, 
along  with  heart  rate  data,  was  used  to  alter  the  stop  rate,  if  deviations 
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from  the  calibration  curve  were  indicated.  As  a final  check  on  the 
metabolic  rate»  a chemical  analysis  of  the  lithium  hydroxide  canister  in 
the  PLSS  was  performed  at  the  conclusion  of  each  ce^t  to  determine  CO^ 
production.  This,  combined  with  the  total  amount  of  oxygen  used  In  che 
PLSS  oxygen  tank  for  metabolic  consumption  provided  an  RQ  and  total 
metabolic  expenditure  for  each  test  (Figure  Cl,  Appendl”  C).  This  was 
then  comp  4.*ed  to  the  other  metabolic  rate  methods  to  determine  a final 
metabolic  rate  profile  for  each  test, 

A biomedical  harness  was  used  to  measure  several  body  skin  tempera- 
tures (see  Figure  A4,  Appendix  A),  These  Included  forehead,  upper 
chest,  lower  back,  bicep,  hand,  foot,  and  thigh  temperatures.  Copper- 
constantan  thermocouples  were  used  for  these  measurements.  An  ear  probe 
thermistor  vras  also  used  to  measure  tympanic  membrane  temperature.  The 
latter  measurements  were  recorded  contiriuously  and  used  to  calculate  mean 
skin  temperature,  total  body  heat  storage,  and  heat  storage  rate  (see 
equations  2,  3 and  A,  Section  2),  Silver  chloride  ECG  sensors  were  also 
included  in  the  biomedical  harness  and  used  to  measure  heart  rates  and 
monitor  ECG.  The  heart  rate  data  was  used  with  a previously  determined 
heart  rate  versus  metabolic  rate  calibration  curve  (Figure  C2,  Appendix  C). 
as  determined  In  the  manner  described  for  Series  B,  This  information  was 
used,  along  with  the  ocher  real-time  indicators  of  metabeJic  rate,  to 
evaluate  deviations  from  the  step  rate  calibration  curve  and  make 
appropriate  adjustments  to  the  step  rate. 

As  in  Series  A,  B,  and  C,  subject  mechanical  work  was  negligible  and 
not  considered  In  the  results. 

All  of  the  raw  data  for  Series  D,  including  environmental  and  metabolic 
condicions  are  presented  in  Table  DA  of  Appendix  D.  The  results  calculated 
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from  these  data,  including  the  overall  total  heat  balance  for  each  test, 
are  shown  in  Table  3-4  of  Section  3. 

Series  !:> 

Series  E consisted  of  the  EVAs  (extravehicular  activities)  that 
occurred  on  the  surface  for  the  6 manned  Apollo  lunar  missions. 

During  the  Apollo  program,  a total  of  28  EVAs  were  conducted  by  12 
different  NASA  astronauts.  Lunar  surface  activities  and  experiments  were 
performed  by  astronauts  while  wea'^  ng  an  Apollo-LCG,  an  A7L  space  suit 
and  a PLSS  (portable  lif  ^-support  system)  i lentical  to  that  used  fo'" 
Series  D. 

Conditions  on  the  lunar  surface  proved  to  be  similar  to  those  of 
Series  D with  ambient  pressures  of  0 torr  and  net  environmental  heat 
exchange  between  72  watts  out  to  137  watts  into  the  suit. 

Space  suit  ventilation  and  LCG  operating  conditions  were  also  the 
same  as  Series  D,  and  the  astronauts  selected  LCG  inlet  temperatures  in 
accordance  with  their  own  comfort. 

The  EVAs  ranged  in  duration  from  about  4 to  7 hours  each,  and  data 
were  transmitted  continuously  from  the  PLSS  during  that  time.  The  data 
■included  LCG  inlet  temperatures,  LCG  temperature  differential  (AT),  PLSS 
sublimator  outlet  gas  temperature,  PLSS  feedwater  pressure,  PLSS  battery 
current  and  voltage,  A7L  space  suit  pressure,  astronaut  ECG,  and  PLSS 
oxygen  bottle  pressure.  In  addition,  the  astronauts  were  periodically 
requested  to  subjectively  evaluate  their  feelings  of  thermal  comfort. 

The  PLSS  contained  all  of  the  life-support  system  consumables  and 
equipment  required  for  EVA.  This  included  oxygen,  feedwater  for  heat 
rejection  by  sublimation,  communication  and  telemetry  equipment,  a 
battery  for  electrical  power,  and  operating  controls  and  displays. 
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The  PLSS  vas  attached  to  the  A7L  suit  by  means  of  a harness.  A 
countervelght  device  such  as  used  ir4  Series  D was  not  required  since  the 
lunar  gravity  was  only  1/6  that  on  Earch. 

All  of  the  PLSS  telemetry  data  were  transmitted  to  the  Mission 
Control  Center  at  the  Johnson  Space  Center  in  Houston  for  processing 
(Figure  2-6).  The  LCG  inlet  and  outlet  water  temperatures  received  in 
this  way  were  used  to  calculate  LCG  heat  removal  rates  (equation  5, 

Section  2).  This  information  was  then  used  as  input  into  a real-time 
computer  program  that  included  parametric  curves  generated  from  analysis 
of  the  results  and  model  predictions  of  Series  A-D.  This  provided  the 
basis  for  the  determination  of  astronaut  metabolic  rate,  heat  storage  and 
heat  stress,  sweat  rate,  and  consumables  usage  rates  as  they  occurred. 

This  information  was  also  used  to  determine  the  metabolic  cost  of  performing 
various  work  tasks  on  the  lunar  surface,  and  to  monitor  general  physlo- 
lo  ical  performance  and  safety.  Finally,  based  upon  the  predicted  con- 
sumable usage  rates  determined  from  the  parametric  correlations,  the  EVA 
task  and  experiments  were  modified  on  a real-time  basis  so  as  to  permit 
the  optimum  utilization  of  the  limited  supply  of  consumables  availaMe. 

This  included  modifications  to  the  traverse  paths  and  stay  times  at 
particular  geologic  sites  (Figure  2-7),  which  allowed  completion  of  those 
experiments  with  the  highest  priority.  Additional  details  on  this  phase 
of  the  experimental  program  are  presented  in  Section  3,  and  in  Appendix  E. 

The  net  environmental  heat  exchange  into  or  ouL  of  the  suit  was 
determined  by  pre-mission  engineering  prealctlons  based  upon  the  expected 
lunar  environment  and  the  A7L  space  suit  insulation  properties.  This  was 
cliecked  and,  if  necessary,  adjusted  after  such  EVA,  based  upon  a heat 
balance  analysis  of  the  amount  of  PLSS  feedwater  used  (see  equation  14, 
Appendix  C)# 
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The  metabolic  rate  profile  for  each  EVA  was  controlled  by  the  actual 
workloads  required  for  the  various  tasks  and  experiments  performed  on  the 
lunar  surface.  The  rates  were  calculated  by  using  the  LCG  heat  removal 
data  in  the  real-time  computer  program  described  above.  The  PLSS  oxygen 
usage  rate  data  and  astronaut  heart  rate  data  were  also  used  to  determine 
the  final  real-time  metabolic  rate,  as  described  subsequently  in  Section 
3,  Series  E Results.  The  oxygen  usage  '•ate  was  determined  from  the 
telemetry  data  of  PLSS  oxygen  bottle  pressure  and  the  astronaut  heart 
rate  was  determined  from  ECG  data.  Stiver  chloride  EGG  se.isors  Incorporated 
into  the  biomedical  harness  worn  under  the  A7L  suit  were  used  to  transmit 
the  data. 

As  in  previous  test  series,  subject  mechanical  work  was  neglible 
and  not  considered  in  the  results.  The  pertinent  raw  data  for  Series  E 
are  presented  in  Tables  El  and  E2  of  Appendix  E,  The  results  calculated 
from  these  data  are  shown  in  Table  3-6  of  Section  3.  The  A7L  suit 
environmental  conditions,  including  all  flowrates  and  inlet  temperatures, 
etc.,  and  surrounding  (lunar)  environmental  heat  exchange  may  be  assumed 
to  be  the  same  as  those  for  Series  D unless  otherwise  specified. 

INSTRUMENTATION,  COMPUTATIONS,  AND  DATA  MANAGEMENT 

The  physiological  measurements  recorded  during  Series  A,  B,  C,  D, 
and  E consisted  of  various  skin  temperatures,  rectal  temperature,  tynipanlc 
membrane  temperature,  and  heart  rate.  These  measurements  were  made 
continuously  over  the  duration  of  each  test.  Other  physiological  param- 
eters, measured  during  the  pretest  calibrations,  consisted  of  respiratory 
minute  volume  and  respiratory  gas  compositions  (0^  and  CO^). 

Other  pertinent  measurements  taken  during  the  experiments  consisted  of 
LCG  water  flowrate,  LCG  water  Inlet  and  outlet  temperature,  suit  gas 
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inlet  and  outlet  dewpoints  temperatures  and  suit  ventilation  flowrate* 

In  the  absence  of  dewpoint  measurements^  subject  weight  loss  was  recorded 
to  determine  evaporative  heat  loss* 

The  skin  temperatures  were  measured  with  copper^onstantan  thermocouples 
and  were  arranged  in  various  locations  over  the  body.  Typical  arrangenents 
as  used  in  Series  D»  are  shown  in  Figure  2-8.  The  skin  temperatures 
measurements  were  used  to  determine  the  mean  weighted  skin  temperature 
(MWST)  as  follows: 

112233  nn  (2) 

where  the  proportioning  factors  (K^,  . . . .K^)  are  weighted  according 

to  the  relative  surface  area  of  each  body  region  (43).  These  weighting 
factors  are  shown  in  Appendix  B,  Table  3.  The  skin  temperatures  that 
were  inoperative  during  a particular  test  were  eliminated  from  the 
calculation  of  MWST  and  the  other  weighting  factors  were  increased  equally 
to  compensate  so  that  the  weight  factors  used  always  added  up  to  100%. 

Rectal  temperature  was  measured  in  Series  A using  a linear  precision 
thermistor,  and  tympanic  membrane  temperature  was  measured  in  Series 
C and  D with  a similar  device,  fitted  to  the  subject’s  ear  canal*  Total 
body  heat  storage  (QSTOR)  was  then  determined  by  multiplying  the  rise  in 
core  and  skin  temperatures  by  their  appropriate  heat  capacitances,  as 
follows: 


QSTOR  = 


C(T)  [T(I)  - T(I) 
all  I 


Initial  Value 


] 


(3) 


where  the  heat  capacitances  (C(I)’s)  for  each  body  area  are  shown  in 

Appendix  B,  Table  1,  and  the  initial  values  of  core  and  skin  temperatures 

(T(I)^  ^ 1 ) were  measured  at  the  start  of  each  test.  The  heat 

Initial  Value 
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storage  rate  (STORAT)  was  then  found  by  dividing  the  change  in  body  heat 
storage  over  a particular  time  Interval  by  the  time  interval.  Thus, 

STORAT  * QSTOR/At  (4) 

During  tnese  experiments,  STORAT  was  used  as  a means  of  monitoring  the 
instantaneous  direction  of  heat  transfer  between  the  subject  and  his 
environment.  When  it  approached  zero,  the  test  subject  was  assumed  to 
have  reached  steady^state  conditions. 

In  ord^r  to  determine  metabolic  rate.  It  was  necessary  to  take 
respiratory  measurements  (minute  volume,  0^,  CO^)  while  the  subject  was 
being  calibrated  at  a particular  heart  rate  or  step  rate  prior  to  the 
test.  The  one  exception  was  in  Series  A where  respiratory  measurements 
were  made  during  the  test. 

Oxygen  consumption,  CO^  production  and  minute  volume  were  found  by 
using  Douglas  Bags  ^o  collect  the  samples,  a Tissot  spirometer  to  measure 
respiratory  volumes  and  the  Scholander  chemical  analysis  technique  to 
measure  0^  and  CO^.  When  available,  an  alternative  technique  was  used, 
whereby  a turbine  flowmeter  was  utilized  to  determine  respiratory  volumes 
and  a mass  spectrometer  or  Beckman  gas  analyzer  was  utilized  to  find  O2 
and  CO^  composition.  Oxygen  and  CO^  measurements  were  then  used  to 
compute  RQ,  and  metabolic  rate  was  determined  from  Figure  Cl,  Appendix  C. 
Heart  rates  were  monitored  during  all  tests  by  silver-chloride  ECG  sensors 
incorporated  in  a blomedxcal  harness  with  the  skin  and  core  temperature 
sensors.  Work  loads  were  imposed  during  the  calibrations  by  the  use  of 
a Harvard  Step  (Series  C and  D) , a Collins  bicycle  ergoraeter  (Series  B), 
or  a motor-driven  treadmill  (Series  A).  Typical  calibration  curves  derived 
in  the  above  manner  are  shown  in  Appendix  C,  Figures  C2-C4. 
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The  heat  removal  rate  of  the  LCG  was  determined  by  measuring  the  water 
flowrate  (A^)  and  inlet  and  outlet  temperatures.  Turbine  flowmet'^rs  were 
used  to  measure  LCG  water  flowrate  and  linear  precision  thermistors 
recorded  LCG  inlet  and  outlet  water  temperatures.  This  information  was 
used  in  the  following  equation  to  find  LCG  heat  removal  rate  (QLCG): 


QLCG  - ft  -C„  • (T  ^ - T . ) or  ft  -C„  • AT  (5) 

^ w P wout  win  w P w 

w w 

where  C is  the  heat  capacity  of  the  LCG  water. 

P 

The  amount  of  metabolic  heat  removed  by  sensible  convection  from 
the  body  (QCONV)  was  determined  by  measuring  the  ventilation  flowrate 
through  the  A7L  suit  (mg)  and  the  suit  gas  inlet  and  outlet  temperatures. 
This  information  was  used  in  the  following  equation  to  determine  convec- 
tion heat  loss: 


QCONV  = mg-c  • (T  ^ - T . ) (6) 

^ p gout  gin 

O 

where  C is  the  heat  capacity  of  the  suit  oxygen.  Suit  oxygen  flowrate 
was  measured  with  a ”Voluflow”  mass  flowmeter  and  suit  inlet  and  outlet 
temperatures  were  measured  with  linear  precision  thermistors. 

The  amount  of  metabolic  heat  removed  by  evaporation  heat  loss  was 
determined  from  measurements  of  suit  inlet  and  outlet  dewpoint  temperature 
and  suit  ventilation  flowr«ate,  or  deduced  from  measurements  of  subject 
weight  loss.  Suit  inlet  and  outlet  dewpoint  measurements  were  made  with 
Cambridge  or  Hastings  dewpoint  sensors,  based  upon  the  principle  of 
fogging  or  defogging  of  a polished  mirror  by  a thermoelectric  refrigerator 
or  heater  circuit*  The  suit  gas  flowrate  was  measured  as  before  with  a 
mass  flowmeter.  These  data  were  utilized  in  the  following  equation  to 
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determine  total  evaporative  heat  loss  rate  (QEVAP): 


QEVAP  - mg-h.  • (W  , - W . ), 
^ fg  gout  gin 


(7) 


where  W ^ and  W . » the  specific  humidity  of  the  suit  outlet  and  inlet 
gout  gin* 

gases,  are  found  from  their  respective  dewpoints  by  means  of  psychrometric 
charts  (104)  and  h^^  is  the  latent  heat  of  evaporization  of  water  vapor. 
For  the  tests  in  which  dewpoint  sensors  were  not  used  or  inoperative, 
total  evaporative  heat  loss  was  determined  by  weighing  the  subject  before 
and  after  the  test  with  a Buffalo  or  Toledo  human  balance*  Subject  weight 
loss  was  then  used  to  determine  evaporative  heat  loss  as  shown  in  the 
sample  calculation  of  Appendix  C. 

The  total  evaporative  heat  loss  was  used  to  determine  evaporative 
heat  loss  due  to  active  sweat  (OSWr)  and  active  sweat  rate  (SR).  Total 
evaporative  heat  loss  is  comprised  of  three  components:  evaporative 

loss  through  the  respiratory  tract  (QR),  evaporativt.  loss  due  to  passive 
diffusion  of  moisture  from  the  skin  (SD),  and  heat  loss  due  to  evaporation 
of  sweat  (QSWT).  Therefore, 


OSWT  « QEVAP  • QR  - QD, 


(8) 


and 


SR  - QSWT/h^  (9) 

g 

where  expressions  for  QR  and  QD  were  derived  from  empirical  results  from 
several  sources  (49,  50,  80,  103)  and  are  found  in  Appendix  C.  A sample 
calculation  of  QSWT  and  SR  is  also  demonstrated  in  Appendix  C. 

The  determination  of  radiation  heat  loss  is  a complex  function  of  many 
factors,  including  surface  properties  of  garments,  skin  and  surrounding 
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walls,  garment  insulation  characteristics,  geometrical  view  factors 
between  the  subject  and  the  surroundings,  etc.  For  this  reason,  a separate 
engineering  analysis  accounting  for  these  various  factors  was  performed 
to  e'^'^aluate  QRAD  (84).  A detailed  description  of  this  anlysis  is  beyond 
the  scope  of  this  text  but  is  suimnarized  in  Appendix  B. 

Other  measurements  made  that  were  pertinent  to  these  experiments 
included  environmental  (chamber  or  room)  temperatures  and  environmental 
and  Internal  suit  pressures.  The  former  were  measured  by  copper-constantan 
thermocouples  while  the  latter  were  measured  with  variable  reluctance 
type  pressure  transducers.  A complete  list  of  the  major  equipment  and 
instrumentation  used  in  these  experiments,  including  a brief  functional 
description  and  list  of  manufacturers,  appears  In  Table  A3  of  Appendix  A. 

The  recording,  collection,  display,  and  monitoring  of  test  data  were 
controlled  by  a computing  system  Incorporating  analog  signal  receiving 
and  conditioning  instruments,  analog-to-digltal  conversion  equipment, 
a sequential  data  sampling  device,  digital  tape  transports,  card  readers, 
card  punchers,  typewriters,  high  speed  printers,  and  assorted  special 
equipment.  Three  separate  computer  systems  were  utilized  to  process  the 
data,  with  a total  available  memory  capacity  in  excess  of  65,536  13-blt 
words.  The  data  handling  system  was  capable  of  processing  more  than  3000 
analog  data  measurements  separately  and  sampling  then  at  a rate  of  1 
sample  per  second  per  measurement. 

The  raw  data  collected  were  displayed  on  cathode  ray  tubes  (CRTs)  in 
the  test  control  room  area  as  they  were  being  sampled  (See  Figures  El  and 
E2,  Appendix  E).  The  data  were  also  simultaneous i.y  recorded  on  paper  and 
magnetic  tape,  and  were  typed  on  high  speed  printers  at  periodic  inten/als. 
All  performance  parameters  of  interest,  including  the  computations  of  body 
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heat  storage,  and  LCG,  convective  and  evaporative  heat  removal  rates,  were 
computed  on  line,  on  a real-time  basis  to  permit  constant  surveillance  of 
the  condition  of  the  subject  and  the  progress  of  the  test.  To  facilitate 
this,  real-time  electronic  plotting  capability  was  Included  for  various 
test  sequences*  At  the  conclusion  of  each  test  series,  the  computed  data 
stored  on  magnetic  tapes  were  further  analyzed  and  used  to  produce  final 
computer ^generated  plots  of  the  raw  data. 

MATHEMATICAL  MODEL 

The  mathematical  model  utilized  in  this  study  represents  the  end 
product  of  several  years  of  developmental  research*  The  earliest  model 
was  an  extremely  simplified  2-node  version  which  assumed  that  the  human 
thermal  system  could  be  adequately  represented  by  subdivision  into  two 
segments  consisting  of  a core  layer  and  h^j.v  layer.  It  soon  became 
obvious  that  this  assumption  was  inadequate  for  all  but  the  simplest 
conditions*  Over  the  years,  more  body  segments  were  added  and  the  physio- 
logical reponses  that  were  simulated  became  increasingly  sophisticated. 

The  current  model  that  ha  evolved  utilizes  41  separate  body  compartments 
to  describe  r le  human  thermal  system. 

The  fnna- menti basis  of  this  or  any  other  model  in  which  heat  and 
energy  are  exr^anp.cd  is  the  first  law  of  thermodynamics.  Simply  stated, 
the  first  law  savs  that  for  any  substance,  the  difference  between  the 
heat  gained  (either  from  the  environment  or  by  internal  production)  and 
the  heat  lost  (by  transfer  to  the  environment)  is  equal  to  the  change  in 
the  internal  energy  of  the  substance  plus  the  net  mechanical  work  done. 

The  human  body  may  be  considered  in  the  same  manner  as  a heat  engine. 
That  is,  heat  is  produced  (QMET  ) by  the  oxidation  of  fuel  (food)  for 
energy,  and  heat  is  dissipated  by  conduction,  convection,  radiation,  and 
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mass  transfer  trnasfer  at  the  skin  surfaces.  In  man,  the  mass  transfer 
of  3 components:  evaporation  of  sweat  (QSWEAT)^  heat  loss  through  the 

respiratory  tract  (QLUNG  LATENT)  and  passive  mass  diffusion.  Heat 
produced  in  excess  of  that  which  can  be  dissipated  will  be  stored  in  the 
tissues  (QSTOR)  with  a resulting  rise  in  body  temperatures.  In  addition, 
a small  amounc  of  energy  can  be  transferred  from  the  body  to  the  environ- 
ment in  the  form  of  mechanical  work.  A heat  balance  performed  on  the 
total  body,  treating  the  skin  surface  as  the  external  boundary,  is  shown 
in  Figure  2-2.  Consideration  of  the  individual  thermodynamic  terms 
discussed  above  results  in  the  familiar  total  body  heat  balance  equation 
shown  at  the  bottom  of  Figure  2-2  (equation  1). 

To  describe  the  internal  temperature  distribution  within  the  body,  a 
similar  type  of  heat  balance  is  performed  on  an  element  of  tissue,  rather 
than  over  the  entire  body.  The  mathematical  model  divides  the  body  into 
10  elements:  head,  trunk,  right  and  left  arms,  right  and  left  hands, 

right  and  left  legs,  and  right  and  left  feet.  Each  consists  of  a core, 
muscle,  fat,  and  skin  layer.  Considering  the  central  blood  as  a separate 
element,  there  are  41  distinct  compartments,  and  each  compartment  is 
assumed  to  be  at  a uniform  temperature  having  a discrete  temperature 
distribution  (see  Figure  2-9). 

Again,  considering  the  first  law  of  thermodynamics,  heat  is  generated 
in  each  compartment  by  metabolism  (QMET),  and  is  transmitted  by  convective 
heat  transfer  to  tie  bloodstream  (QCONV),  and  by  conduction  to  adjacent 

compartments  (QCOND).  For  skin  compartments,  convection  heat  transfer 

• • 

to  a surrounding  gas  stream  (QSEN),  radiation  to  the  environment  (QRAD) , 

• • 

latent  evaporation  (QLAT),  and  conduction  to  a thermal  undergarment  (QUG) 

are  all  considered  as  avenues  of  heat  dissipation.  In  addition,  conduction 


2-28 


heat  transfer  to  the  cooling  tubes  of  an  LCG  (QLCG)  is  also  considered. 

A typical  heat  balance  for  the  internal  body  layers  is  shown  in  Figure  2^10» 
and  the  general  equations  for  the  core,  muscle,  fat,  and  skin  layers  of 
each  major  body  compartment  are  as  follows; 


• Core 

(Mass  • C^)  core  = Q^^core  “ ” QCONV  (10) 


• ^^^cle 

(Mass  • C^)  dTmuscle  = Q^\ugcle  ^ “ QCOND’  - QCONV*  (11) 


• FAT 


(Mass  • Cp)  dXfat  = + QCOND*  - QCOND* * - QCONV*’  (12) 

dt 


• Skin 

(Mass  • C ) dTskin  * QCOND”  - QCONV*** 

^ dt  ^ 

- QRAD  - QSEN  - QLAT  - QLCG,  (13) 


where  the  ^ terms  represent  the  change  in  temperature  with  respect 
to  time  and  C^  is  the  heat  capacity  of  the  particular  body  layer. 

A very  significant  fact  is  derivable  from  the  previous  discussion. 

In  order  to  understand  the  heat  transfer  processes  within  the  human 
body,  a detailed  understanding  of  the  physiological  processes  of  sweating 
and  blood-flow  regulation  is  required.  Both  of  these  processes  greatly 
affect  the  temperature  field.  They  both  vary  significantly  as  a function 
of  certain  body  temperatures,  and  they  are  also  under  the  control  of  the 
central  nervous  system.  Consequently,  in  order  to  correctly  describe 
the  transient  thermal  response  of  man  to  his  environment,  two  distinct, 
and  yet  Interrelated  processes  must  be  understood — the  heat  transfc’:* 
characteristics  of  the  passive  human  body  (the  controlled  system)  and  the 
active  thermoregulatory  control  of  the  central  nervous  system  (the 
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controlling  system) • The  passive  system  has  been  described  In  the  previous 
paragraphs  and  a discussion  of  the  active  control  system  follows. 

Active  Thermoregulatory  Control  System 

The  human  body  is  capable  of  regulating  the  amount  of  heat  that  is 
transferred  to  the  environment.  It  does  so  through  four  primary 
physiological  mechanism: 

(1)  Sweat  production 

(2)  Shivering 

(3)  Vasodilatation  ) 

) Blood-flow  Control 

(4)  Vasoconstriction  ) 

The  controlling  system  for  each  mechanism  consists  of  three  separate 
parts  (See  Figure  2-li).  The  first  part  is  the  detecting  system  which 
records  the  thermal  state  of  the  passive  system.  The  second  part 
utilizes  this  information  in  an  Integrator  which  serves  as  an  amplifier 
or  an  attenuator  to  produce  appropriate  effector  commands.  The  third 
part  receives  the  effector  commands  and  processes  them  into  appropriate 
action  at  the  periphery  (sweat  glands,  .luscles,  arteries,  veins). 

Detector 

Research  has  shown  that  thermal  control  signals  have  been  generated 
by  local  temperature  changes  from  a reference,  and  by  the  rate  of 
change  of  local  temperatures.  Consequently,  the  stimulus  from  the 
detector  part  of  the  controller  which  describes  the  thermal  state 
of  the  passive  sytem  for  all  four  control  mechanisms  is  of  the  form: 

ERROR(I)  (T*^(t)  - TSET(I)  + ^^)»(A(I)  (14) 

At 

Where  T*'(I)  is  the  temperature  of  the  sensitive  thermoreceptors 
of  brdy  compartment  I at  time  t,  A(I)  is  a constant  and  TSET(I) 
is  a reference  temperature. 
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Integrator 

The  Integrator  part  of  the  control  system  functions  by  modifying  the 

ERROR  signal  for  each  mechanism.  It  Is  most  probable  that  thlt>  signal 

Is  modified  by  a central  control  signal  from  the  brain  and  by  a local 

control  signal  from  the  skin-environment  Interface.  Dr.  J.  Stolwijk 

of  the  J.  b.  Pierce  Foundation,  suggests  that  the  central  control 

signal  would  most  simply  be  proportional  to  the  ERROR (I)  term  for  the 

tldsufe  region  representing  the  hypothalamic  area  of  the  brain. 

Furthermore,  it  is  likely  that  ^his  signal  be  positive  for  sweating 

t 

or  vasodilatation  commands  where  heat  transfer  at  the  skin  surface 
is  to  be  augmented,  and  negative  for  shivering  or  vasoconstriction 
commands  where  heat  transfer  at  the  skin  surface  is  to  b?  attenuated. 
Thus,  the  central  signal  is  of  the  fotm: 


CEN  SWT  = SWTl  X ERROR (1) 

CEN  SHIV  = SHIVl  X ERROR (L) 

CEN  DIE  = DILI  X ERROR (1) 

CEN  STRICT  = STRICTl  X ERROR(l; 


SWEATING 

SHIVERING 

VASODILITATION 

VASOCONSTRICTION 


(15) 


\Jhere  the  index  I = 1 is  for  the  hypothaxamic  region  of  the  head, 
and  SWTl,  SHIVl,  DILI,  and  STRICTl  are  gain  constants. 

It  is  convenient  to  assume  tliat  the  control  signals  for  each  skin 
segment  are  of  the  same  form.  Since  all  the  local  signals  must  be 
summed  to  produce  one  final  local  contribution  to  the  integrated 
signal,  the  skin  input  may  be  characterized  as: 


LOC  SWT  = SWT2  X (A(J) ‘ERROR (J))  SWEATING 

IOC  SHIV  = SHIV2  X (A(J)-ERROR(J))  SHIVERING 

LOC  DIL  = DIL2  X (A(J) -ERROR (J))  VASODILITATION 

LOC  STRICT  = STRICT2  X (A(J)*ERROR(J))  VASOCONSTRICTION 


Where  A(J)'s  are  local  ''onstants  foi*  each  skin  region,  ERROR  (J)'s 
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are  local  akin  error  signals  and  SWT2,  SHIV2,  DIL2,  and  STRICT  2 
are  overall  local  gain  constants* 

Based  on  this  d-'scusslon,  the  most  generalized  integrator  signals 
would  have  a local  contribution,  a central  contribution,  and  a 
combination  of  both.  Thus,  for  example: 


SWEAT  o CEN  SWT  + LOC  SWT  + SWTS  (LOC  SWT  X CEN  SWT) 

SHIVER  « CEN  SHIV  4*  LOC  SHIV  + SHIVS  (LOC  SHIV  X CEN  SHIV) 
DILAT  - CEN  DIL  + LOC  OIL  + DIL3  (LOC  OIL  X CEN  OIL) 

STRICT  = CEN  STRICT  4-  LOC  STRICT  4*  STRICTS  (LOC  STRICT  X 
CEN  STRICT) 


Effector 

The  third  part  of  the  control  system  processes  the  integrator  signal 

into  an  appropriate  response  to  be  delivered  to  che  periphery  for 

effector  action.  Thus,  the  SWEAT  signal  is  proportioned  Into 

several  peripheral  sweat  commancs  based  on  the  density  of  sweat 

glands,  and  the  SHIVER  signal  is  proportioned  into  several  local  heat 

generation  terms  in  the  muscle  region  based  upon  muscle  density*  The 

vasoconstriction  and  vasodilatation  terms  are  similarly  proportioned 

into  various  contributions  to  the  local  blood  flow,  (m_), . In  addition 

I b 

the  blood  flow  is  also  modified  due  to  increases  or  decreases  in 
metabolic  activity  level  (q^) • Thus 

« B(I)  4-  [C(T)  X DILAT]  + [E(I)  X q^(D] 
r+  [b(iy  X STRICT] 

Where  B(I)  is  a basal  blood-flow  rate  for  tissue  element  I,  C(I), 

D(I)  and  E(I)  are  weight  ratios  for  element  T and  Is  tne  local 

heat  generation  term. 
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Through  control  of  local  heat  generation,  blood  flow,  and  sweat  rate, 
the  active  thermoregulatory  control  system  interfaces  with  the  passive 
system, 

A more  detailed  description  of  the  mathematical  model,  including  the 
various  physical  pr  pertles  and  control  parameters  utilized,  is  presented 
in  Appendix  B,  In  addition,  there  are  various  options  that  are  available 
within  the  model  for  evaluating  the  thermal  response  of  man  to  different 
activity  levels,  various  environmental  conditions,  and  for  several 
protective  garment  configurations,  ranging  from  simple  clothing  to  a 
complex  space  suit.  For  interested  readers,  a description  of  these 
additional  capabilities  is  available  in  documented  reterences  of  the 
mathematical  model  computer  program  and  in  the  program  ii^er^s  manual  (80, 
94,  127). 

The  mathematical  model  described  here  was  transformed  into  magnetic 
tape  for  use  on  a digi.^1  computer  to  support  this  experimental  program. 
The  computer  nrogram  (94)  is  written  in  Fortran  V for  the  Univac  1108 
computer  with  the  EXEC  IT  or  EXEC  8 operating  systems.  However,  the 
program  is  compatible  v^th  other  computer  systems  such  as  the  IBM  360 
series,  and  is  available  on  request  to  any  interested  party. 

Implementation  of  the  Model  and  Generation  of  Trends 

The  mathematical  model  described  above  was  a^ed  to  investigate  the 
experimental  results  of  Series  A~E  and  as  a means  to  predict  physiological 
trends  in  humin  performance,  Tn  addition  comp<irison  of  the  n,  del 
predictions  v^rith  the  test  data  permit:*  ’ i "tuning”  of  the  model  which 
resulted  in  improved  accuracy. 

To  accomplish  the  above  tasks,  computer  simulations  were  run  for 
each  cost  series.  The  test  conditions  for  each  experiment  were  used  as 
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Input  to  the  model  and  the  resulting  computer  output  was  then  compared  to 
the  experlmratal  data.  The  Input  consisted  of  various  environmental 
parameters  versus  time,  read  Into  the  computer  program  In  tabular  Input 
form.  These  Included  ambient  pressures,  temperatures,  and  dewpoints; 
garment,  LCG  and  suit  Insulation  properties;  and  Incident  radiation  heat 
fluxes,  and  other  similar  parameters*  The  metabolic  rate  profile  was 
also  entered  as  input  for  each  experiment. 

The  computer  model  output  consisted  of  the  various  human  physiological 
responses  of  Interest.  These  Included  body  temperatures,  including  skin 
and  core  temperatures,  mean  skin  temperature,  total  body  heat  storage,  heat 
storage  rate,  sweat  rate,  evaporative,  convective  and  radiative  heat  loss 
rates,  and  LCG  heat  removal  rate.  Shiver  rate  and  skin  blood-^flow  rates 
were  also  available  for  examination  and  were  frequently  used  to  explain 
particular  experimental  results.  Other  output  parameters  of  interest  were 
LCG  water  and  suit  gas  outlet  temperatures,  suit  outlet  dewpoint 
temperatures,  space  suit  or  garment  temperatures,  etc.  A sample  of  the 
Input-output  format  for  a t3rplcal  computer  program  run  Is  shown  in 
Appendix  B. 

The  model  predictions  for  each  experiment  wer..  hand-plotted 

graphically  with  the  test  data  superimposed.  Although  this  was  done  as 

a function  of  time  for  many  of  tne  parameters,  the  steady-state  results 

were  of  primary  Interest  for  these  experiments.  The  process  of  "tuning” 

the  model  to  bring  it  into  closer  agreement  with  the  test  data  was  in 

Inexact  process  at  best;  heavy  reliance  was  placed  on  Intuition  and 

previous  experience  in  using  the  model*  All  adjustments  of  physiological 

or  physical  parameters  within  the  model  were  constrained  within  the 

bounds  of  current  knowledge. 
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Comparisons  of  the  model  results  and  test  daca  exhibited  good 
accuracy  for  almost  all  physiological  parameters.  Errors  were  not  large 
enough  to  warrant  modifications  to  the  active  thermoregulatory  control 
system  equations.  However,  improvements  in  the  predictions  of  individual 
skin  temperatures  were  achieved  with  modifications  to  the  passive, 
controlled  system  equations.  The  actual  adjustments  that  were  made  to  the 
model  to  improve  its  predictions  are  explained  in  more  detail  in  Sections 
3 and  4. 

After  the  model  was  correlated  in  the  manner  described  above,  the 
results  of  each  test  were  again  superposed  with  the  predictions  to 
produce  the  final  results  shown  in  Section  3.  Comparison  of  the  model 
predictions  with  the  test  data  provided  one  other  benefit.  It 
illtaminated  many  of  the  inadequacies  of  the  current  model  and  formed  the 
groundwork  for  a new  model  that  will  be  described  subsequently. 

One  of  the  most  significant  applications  of  the  model  in  this 
experimental  program  was  in  the  derivation  of  correlations  demonstrating 
the  physiological  response  of  man  while  wearing  an  LCG  to  maintain  comfort. 
These  correlations  are  presented  in  Section  4.  The  experimental  results 
were  first  plotted  independently,  and  a regression  analysis  and  curve 
fitting  to  the  data  were  performed.  This  included  an  error  analysis  in 
which  onl>  statistically  significant  data  were  included.  Comfort 
envelopes  were  then  generated  by  the  model  describing  the  predicted 
behavior  of  the  same  physiological  parameter.  These  comfort  envelopes 
were  superposed  over  the  experimental  results.  The  degree  to  which  the 
data  and  regression  curves  fell  within  the  predicted  envelopes  provided 
a theoretical  basis  for  the  physiological  behavior  observed  during  the 
tests  and  provided  additional  confidence  in  the  test  results  and  the 
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model  Itself.  Farther  details  on  the  procedures  employed  for  the  above 
results  are  presented  In  Section  4. 
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(a)  Inside-out  view  showing  cooling  tubes. 


■ f I 

S A ..  ' : 


T .i  • 


(b)  Full  view,  (c)  Close-up  view  of  tube  distribution. 

Figure  2^5**-  Liquid  cooled  undergarment. 
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Figure  2-6 Live  data  pathways  and  flight  monitoring  and  control  system  for 
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Figure  2-10.-  Heat  balance  for  Internal  body  layers. 
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3.  RESULTS 


SERIES  A 

Series  A was  conducted  in  a room  temperature  environment,  with  sub- 
jects wearing  an  insulating  coverall  ganr»«r*^t  designed  to  limit  convection 
and  radiation  heat  loss*  There  was  no  air  ventilation  flow  across  the 
skin  and  all  tests  were  conducteni  at  sea-level  pressure*  The  Apollo-LCG 
was  worn  under  the  oucer  garment  and  the  water  flowrate  was  fixed  at 
109  liters/hr  while  the  water  temperature  wa«  varied. 

The  metabolic  rate  for  each  test  sequence  w;  s controlled  by  varying 
the  speed  of  a motor-driven  treadmill  and  is  shown  in  Table  D1  of 
Appendix  D.  The  raw,  steady-s*^  »te  data  for  each  of  the  test  conditions 
is  also  shown  in  Table  Dl. 

Heat  Balance 

Table  3-1  presents  t calculated  steady-state  results  and  heat  balance 
data  for  Series  A.  The  basis  of  the  heat  balance  shown  in  Table  3-1  is 
the  heat  balance  equation  (see  equation  1,  Figure  2-2).  All  terms  in  this 
equation  were  determined  as  indicated  by  the  footnotes  of  Table  3-1,  with 
the  exception  of  shiver  rate,  which  could  not  be  measured,  anu  fr:jchanical 
work  rate,  convection,  and  radiation  heat  loss,  which  were  all  assumed 
negligible.  Mechanical  work  rate  was  neglected  because  .he  nature  of  the 
exercise  profiles  of  Series  A produced  no  external  work  other  thai  friction, 
which  was  small.  This  was  the  case  for  all  of  the  exercise  profiles  con- 
sidered in  this  study.  Convection  and  radiation  heat  loss  were  neglected 
bo-ause  the  physical  characteristics  of  the  arctic  coverall  overgarment 
(no  gas  ventilation  and  !•  • •'hermal  conductance)  were  assumed  to  insulr  a 
the  test  subject  effectively  from  heat  transfer  by  these  mechanisms. 
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The  results  show  the  expected  relationship  between  heat  production  and 
heat  loss.  That  Is,  for  a constant  LCG  Inlet  temperature  (7  or  16®C), 
total  evaporation  heat  loss,  heat  loss  through  the  LCG,  and  total  heat 
loss  all  increase  as  metabolic  heat  production  Increases. 

The  HEAT  BALANCE  row  shows  the  difference  between  heat  production 
and  heat  loss.  From  the  heat  balance  equation,  this  difference  may  be 
attributed  to  the  rate  of  heat  storage  (or  shivering).  It  should  be  noted 
that  this  value  is  negative  for  all  t^  sts  with  the  exception  of  Test  5, 
which  indicates  that  heat  removal  was  generally  greater  than  metabolic 
heat  production.  Negative  heat  balance  values  are  often  indicative  of 
cool  or  cold  testing  conditions,  while  positive  values  signify  warm 
conditions. 

Further  information  is  provided  by  the  TOTAL  HEAT  STORAGE  row. 

These  values  show  the  direction  of  changes  in  skin  and  rectal  temperatures 
over  the  duration  of  each  test.  Here,  negative  values  indicate  a drop  in 
body  lerrneratur es,  while  positive  values  signify  an  increase.  It  is 
obs3rved  that  bod'*'  temperatures  decreased  for  low  metabolic  rates  at  both 
LCG  i..let  temperatures,  but  became  higher  and  eventually  positive  as 
metabolic  rate  increased.  This  suggests  that  test  conditions  were  cool 
or  cold  at  the  low  metabolic  rates,  but  became  warn  as  work  rate  was 
increased.  This  was  indeed  the  case  as  test  subjects  visibly  shivered  in 
Tests  1,  2,  and  3,  and  subjectively  noted  cold  sensations  in  Tests  7,  8, 
and  9. 

In  or'ter  ^o  more  fully  assess  the  heat  balance  equation,  it  was 
nc'^essarv  to  cletenrfne  the  final  heat  storage  rate  at  the  end  of  each  test. 
This  was  found  ''rom  the  change  in  body  tcmp^-raturcs  measured  over  the 
final  30  - 60  min.  Ideally,  for  true  stead’  -state  conditions,  this  value 
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would  be  close  to  zeio,  indicating  that  body  temperatures  were  not  changing 
while  the  various  heat  production  and  heat  loss  measurements  were  being 
recorded.  However,  due  to  subject  fatigue  .»nd  discomfort  resulting  from 
cold  conditions  (often  accompanied  by  shivering);  and  the  long  duration 
of  many  of  the  test  sequences  in  Series  A,  it  was  possible  to  reach  a 
true  steady-state  in  only  5 ( ' the  11  tests.  Predictably,  these  tests 
were  at  the  higher  metabolic  ra^es,  for  which  shivering  or  cold  discomfort 
was  not  a factor  (Tests  4,  5,  6,  10,  and  11). 

For  those  tests  in  which  a true  steady-state  \«is  not  obtained,  a pre- 
cise accounting  of  all  of  the  terns  in  the  heat  balance  equation  is  dif- 
ficult because  equilibrium  conditions  were  not  reached.  However,  additional 
insight  can  be  provided  by  subtracting  the  FINAL  HEAT  STORAGE  RATH  row 
from  the  HEAT  BALANCE  row.  Theoretically,  the  difference  between  these 
two  values,  designated  the  HEAT  DEFICIT  row,  should  be  the  shiver  rate, 

£.ince  it  is  the  only  unknown  tern  left  in  the  heat  balance  equation. 

However,  in  practicality,  the  heat  deficit  also  represents  any  errors 
made  in  the  determination  of  the  individual  heat  production,  heat  loss  or 
heat  storage  rate  terms.  As  mentioned  previously,  the  failure  to  reach 
true  steady-state  for  several  of  the  tests  causes  complications  by  intro- 
ducing another  term  into  the  he  t balance  equation  (i.e.,  heat  storage 
rate).  Error  may  result  if  the  heat  storage  rate  is  much  different  from 
zero  because  this  indicates  that  body  temperatures,  and  therefore  evapora- 
tion rate,  LCO  heat  removal,  and  total  heat  loss,  were  changing  at  the 
time  they  were  measured,  despite  the  fact  that  they  appeared  tv>  be  in 
equilibrium. 

It  is  observed  that  the  heat  deficit  values  are  all  aegative,  ranging 
between  -4  to  -91  watts.  Tf  no  errors  were  present,  it  would  be  expected 
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that  the  largest  negative  values  would  be  at  the  lowest  metabolic  rates 
for  each  LCG  inlet  temperature.  This  would  then  be  associated  with 
shivering  or  subjective  cold  sensations  and  also  with  an  overall  drop  in 
body  temperatures  and  negative  total  body  heat  storage.  Furthermore,  in 
the  absence  of  errors,  the  heat  deficit  should  become  more  positive  as 
metabolic  rate  increases  until  it  approaches  zero  at  about  the  same  time 
that  total  body  heat  storage  approaches  zero.  This  is  because  shivering 
jr  cold  sensation  should  only  persist  for  decreased  body  temperatures 
(and  negative  heat  storage).  However,  the  heat  deficit  values  of 
Table  3-1  do  not  uniformly  display  this  trend,  indicating  the  presence  of 
errors  in  some  terms  of  the  heat  balance. 

The  most  likely  sources  of  error  may  be  traced  to  the  determinations 
of  heat  storage  rate,  evaporative  heat  loss  and  radiatior  heat  loss.  The 
final  heat  storage  rate  may  vary  for  each  test  conditio*^  depending  on  the 
time  interv^al  utilized  in  its  determination.  However,  any  value  signifi- 
cantly different  from  zero  indicates  non-equilibrium  conditions  which  are 
a likely  source  of  error.  Evaporative  heat  loss  values  are  another  likely 
source  of  error  because  they  were  determined  from  subject  weight  loss 
(see  sample  calculation.  Appendix  C) . In  this  determination,  it  is  assumed 
that  all  sweat  was  evaporated.  In  fact,  any  sweat  that  was  not  evaporated 
("runoff  sweat")  would  contribute  to  weiijbt  loss  but  not  to  heat  Joss, 
since  unevaporated  sweat  does  not  constitute  heat  removal.  Therefore,  the 
use  of  subject  weight  loss  to  determine  evaporative  *.oat  loss  rates  can 
cause  er^'or  because  the  latter  values  may  be  too  large. 

The  third,  m L likely  source  of  error,  is  the  determination  of  radi- 
ation heat  loss.  Based  upon  the  low  thermal  conductance  of  the  arctic 
overgarment,  it  was  assumed  that  radiation  interchange  with  the  environment 
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was  negligible.  However » as  will  be  seen  subsequently « the  most  pronounced 
effect  of  cold  LCG  Inlet  water  temperatures  Is  to  lower  the  average  skin 
temperature.  This  effect,  combined  with  the  low  water  temperatures  inside 
the  LCG  itseJf,  acts  to  drop  the  Inside  surface  of  the  overgarment  nearest 
the  skin  below  that  of  the  external  environment.  This  could  then  provide 
an  effective  “sink”  for  radiation  heat  transfer  from  the  environment  to 
the  skin  or  the  LCG.  In  either  case,  the  result  would  be  an  overly  large 
heat  removal  rate,  which  would,  in  turn,  result  in  a negative  heat  deficit. 
This  effect  would  be  most  pronounced  for  the  lowest  skin  and  LCG  inlet 
water  temperatures,  but  may  be  pr^-sent  for  the  other  test  conditions. 

Based  upon  the  heat  deficit  values  found  in  this  test  series,  and 
the  limits  of  radiation  heat  leak  commensurate  with  the  physical  properties 
of  the  arctic  covergarment,  a value  of  30  watts  appears  to  be  a reasonable 
estimate  oi  the  actual  radiation  heat  transfer  from  the  environment  into 
the  man/suit  syrcem.  Although  this  value  prcbably  changes  for  each  test 
condition  (being  somewhat  larger  at  the  lower  metabolic  rate^  and  smaller 
at  the  higher  metabolic  rates),  it  represents  an  average  which  would 
enhance  the  heat  balance  calculations,  and  yet  is  quite  reasonable.  It 
should  also  be  noted  that  the  effect  would  be  less  significant  for  higher 
LCG  inlet  temperatures,  since  the  “sink”  temperature  would  more  closely 
approach  that  of  the  environment. 

Finally,  it  should  be  observed  that  the  actual  heat  deficits  are 
probably  a consequence  of  a combination  of  the  above  factors,  rather  than 
any  one  in  particular.  It  is  likely  that  shivering  and  errors  in  evapora- 
tion heac  loss,  heat  storage  rate  and  radiation  hea*.  loss  all  combined  to 
produce  the  negative  heat  deficit  values  of  Table  3-1. 
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Transient  Results 


Typical  results  for  the  transient  response  of  skin  and  rectal  tempera* 
tutes  are  shown  in  Figures  3*1  to  3-4.  The  4 tests  shown  represent  the 
data  for  2 different  metabolic  rates  (one  li»w  and  one  high)  each  at  the 
2 LCG  inlet  x^ter  temperatures  utilized  (7”C  and  16®C). 

The  most  immediate  observation  about  these  data  is  that  for  the  lower 
LCG  inlet  temperature ^ all  body  temperatures  were  observed  to  decrease 
over  the  duration  of  the  test  for  the  lower  metabolic  rate  (Figure  3-1). 
However,  fo^*  the  same  inlet  temperature  at  th.  higher  metabolic  rate 
(Figure  3-2),  the  rectal  temperature,  and  the  temperature  of  the  arms  and 
legs  are  shown  to  significantly  increase  while  the  forehead  undergoes 
little  change  and  the  chest  drops  markedly. 

At  the  higher  LCG  inlet  temperature,  the  results  are  somewhat 
simi^'»r,  except  elevated  in  all  cases.  That  is,  at  the  lower  metabolic 
rate  (Figure  3-3),  there  is  little  change  in  most  of  the  body  temperatures, 
with  the  chest,  arms  and  legs  showing  slight  decreases.  For  the  higher 
metabolic  rate  (Figure  3-4),  all  temperatures  are  observed  to  increase 
except  the  chest,  which  decreases. 

In  general,  those  skin  temperatures  in  which  the  LCG  is  in  contact 
with  the  skin  initially  decrease  as  the  test  begins.  However,  as  time 
progresses,  the  regions  in  which  muscle  action  was  minimal  (such  as  the 
chest  or  the  back)  continue  to  drop,  while  the  regions  of  vigorous 
muscular  activity  (such  as  the  arms  and  legs)  begin  to  increase  as  the 
heat  produced  by  the  nearby  muscles  reaches  the  skin  surface.  The  lag 
time  required  for  this  to  occur  appears  to  be  in  the  order  of  30  to  45  min, 
a result  forecast  by  the  mathematical  model  (solid  lines).  The  coldest 
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skin  temperatures  monitored  were  those  of  the  chest  and  the  thigh»  while 
the  warmest  was  the  forehead,  which  was  not  in  contact  with  the  LCC. 

The  predictions  of  the  mathematical  model  are  shoim  in  Figures  3-1 
to  3-4  as  solid  lines.  In  general,  there  is  reasonable  agreement  with 
the  test  data.  The  most  accurate  predictions  are  for  rectal  and  mean 
skin  temperature,  and  ^or  total  body  heat  storage.  Differences  between 
predictions  and  actual  results  for  several  individual  skin  temperatures 
were  greater.  These  variations  are  a consequence  of  several  complex 
phenomena  and  will  be  discussed  subsequently,  after  other  results  are 
3xamined. 

The  bulk  of  the  information  gained  from  this  test  series  is  derived 
from  analy^^s  of  the  steady-state  results.  These  are  shown  for  all  11 
test  condi  ions  in  Table  3-1,  and  beginning  with  Figure  3-5,  an  analysis 
of  the  hear  removal  characteristics  of  the  LCG. 

LCG  Heat  removal 

Figure  3-5  shows  the  heat  removal  capability  of  the  liquid  condition- 
ing garment  (LCG)  at  various  metabolic  rates  and  water  inlet  temperatures. 
The  LCG  heat  removal  rate  is  determined  from  equation  5 of  Section  2.  Test 
data  using  LCG  inlet  water  temperatures  of  and  16®C  are  shown,  along 
with  the  the  data  of  Santamaria  (112)  for  higher  temperatures  of  23-26®C. 

The  results  indicate  that  the  LCG  heat  removal  rate  is  a nearly 
linear  function  of  metabolic  rate,  for  metabolic  rates  between  100  and 
620  watts.  The  slopes  of  the  lines  for  7®C  and  16®C  are  approximately 
equal  (slope  = change  in  LCG  heat  removal  per  unit  change  in  metabolic 
ra*"e  0.4)^,  with  the  cooler  inlet  water  temperature  curve  displaced 

’ ’u ''dieted  results  from  the  mathematical  model  are  shown  by 
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the  solid  lines,  and  agreement  betmen  the  test  and  predicted  results  is 
fairly  good. 

At  first  glance,  differences  between  the  test  and  predicted  results 
appear  to  be  attributable  to  the  heat  transfer  coefficient  between  the 
skin  and  the  LCG  (See  Equation  10,  Appendix  C).  The  model  assumes  a 
fixed  heat  transfer  coefficient  (Figure  3-6),  whereas  the  actual  heat 
transfer  coefficient  may  vary  considerably  from  test  to  test  for  various 
reasons.  One  of  these  is  the  actual  fit  of  the  LCG.  For  these  tests, 
all  5 subjects  used  the  same  LCG,  although  the  subjects  differed  in 
physical  size.  Thus,  the  efficiency  of  the  LCG  was  not  the  same  from 
subject  to  subject. 

Another  important  variable  is  the  degree  of  wetness  of  the  under liner 
that  separates  the  tubes  of  the  LCG.  The  liner  must  be  fully  wet  from 
perspirr :ion  in  order  to  establish  a maximum  conductive  path  between  the 
tubes.  This  acts  to  increase  the  effective  surface  area  of  the  LCG  in 
much  the  same  manner  as  fins  act  to  increase  the  effectiveness  of  a heat 
exchanger.  If  the  liner  is  not  fully  wet,  the  heat  transfer  coefficient 
and  the  LCG  heat  removal  rate  will  vary  depending  upon  the  degree  of 
wetness.  The  fact  that  the  test  data  did  not  exhibit  significant  varia- 
tions, and  that  the  predicted  results  were  lower  than  the  actual  data  by 
a nearly  constant  amount  indicates  that  the  heat  transfer  coefficient 
used  by  the  model  may  be  low,  result-^,  .n  slightly  less  heat  removal 
than  observed  in  the  tests. 

For  the  highest  inlet  temperatures,  the  original  raw  data  of 
Santamaria  showed  considerable  scatter  in  heat  transfer  coefficient  values. 
Furthermore,  the  values  were  generally  lower  than  those  observed  in  this 

test  series.  For  this  reason,  the  use  of  Santamaria ’s  experimental  data 
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(112)  was  limit*  o to  leat  transfer  coefficient  values  between  10  and 
25  watts/^C,  results  consistent  x^ith  the  Apollo-type  LCGs  used  in  Series 
A-E*  Also,  slight  differences  in  test  conditions,  and  in  the  outer  cover 
garment  used  by  the  test  subiects  contributed  to  differences  between  the 
results  of  Santamaria  and  the  predicted  results.  However,  the  important 
point  is  that  the  trends  shown  by  these  data  are  basically  in  agreement 
with  the  predicted  results. 

The  results  of  this  test  series  Indicate  that  a considerable  per- 
centage of  the  metabolic  heat  generated  was  absorbed  by  the  LCG.  This 
was  especially  true  at  the  colder  inlet  temperature  where  100%  or  more  of 
the  metabolic  heat  produced  was  removed  by  the  LCC  for  metabolic  rates 
below  440  watts.  For  such  con(Jitions,  there  was  an  overall  negative  heat 
balance  and  test  subjects  were  subjectively  cold,  with  frequent  shivering. 
The  negative  heat  balance  was  manifested  by  negative  heat  storage  values. 
These  were  calculated  using  equation  3 of  Section  2,  and  determined  for 
each  subject  over  the  duration  of  each  test.  They  are  indicated  by  the 
numbers  located  near  each  data  point  of  Figure  3-5. 

Additioral  insight  may  be  gained  by  replotting  the  results  of 
Figure  3-5  in  terms  of  the  percentage  of  metabolic  heat  production  removed 
by  the  LCG  (LCG  heat  removnl/metabolic  rate)  vs.  LCG  inlet  temperature. 
This  is  shown  In  Figure  3-7.  It  is  noted  that  there  was  a very  sharp 
increase  in  LCG  heat  removal  from  30%  to  over  100%  of  the  metabolic  heat 
production  as  LCG  inlet  temperature  decreased  from  29^C  to  7®C.  Further- 
more, most  of  the  data  fall  x^»ithin  a fairly  narrow  band,  which  is  shown 
bounded  by  the  lines  representing  model  predictions  of  385  and  234  watts. 
The  fact  that  the  observed  data  for  a wide  range  of  metabolic  rates  fall 
into  a narrow  band  illuminates  the  feasibility  of  using  this  relatious'iip 
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as  a means  of  predicting  metabolic  rate  from  LCG  performance.  It  can  be 
seen  that  if  the  LCG  heat  removal  and  inlet  temperature  are  known,  an 
estimate  of  metabolic  rate  can  be  determined  from  the  data  of  Figure  3-7. 

Obviously,  if  the  band  of  data  were  narrower,  these  estimates  would 
be  more  accurate.  Considerable  scatter  is  Introduced  as  a consequence  of 
the  fact  that  many  of  the  test  points  in  this  series  consisted  of  off- 
comfort  conditions.  That  is  to  say,  the  subjects  were  not  permitted  to 
control  the  LCG  inlet  water  temperature  in  order  to  raalnt^»iu  comfort.  As 
a consequence,  many  of  the  test  conditions  were  too  cold.  Most  of  the 
data  scatter  in  the  band  of  Figure  3-7  occurs  in  the  region  of  colder  LCG 
inlet  temperatures  and  is  associated  with  subjects  who  were  too  cold  and 
frequently  shivering. 

Shivering  results  from  depressed  skin  and  rectal  temperatures,  which 
cause  a reflex  involuntary  contraction  of  the  skeletal  musculature.  The 
mechanism  of  detection  and  control  is  by  means  of  thermoreceptors  in  the 
skin  and  hypothalamus  (8,15).  The  Involuntary  muscular  contraction  causes 
increased  heat  production  which  is  indistinguishable  from  the  heat  of 
metabolism.  Consequently,  shivering  is  an  off-confort  condition  that  can 
produce  thermal  effects  which  will  cause  variations  in  data  from  values 
expected  under  comfort  conditions. 

In  fact,  any  off-comfort  condition  which  results  in  significant 
thermoregulatory  adjustments,  such  as  vasodilatation,  vasoconstriction, 
extreme  sweating  or  shivering,  will  alter  thp  means  by  which  the  body 
dissipates  heat  and  therefore  change  the  normally  linear  relationship 
that  • .*ists  jctween  heat  production  and  heat  loss  at  comfort.  It  will  be 
shown  later  that  if  subjects  are  permitted  to  regulate  the  LCG  inlet 
temperature  in  order  to  maintain  thermal  comfort  over  a wide  range  of 
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metabolic  rates,  that  the  scatter  In  LCG  heat  removal  data  is  much  less, 
with  the  resulting  Improvement  in  metabolic  rate  estimates  from  LCG 
performance. 

It  should  also  be  noted  that  there  is  very  good  agreement  between 
the  computer  model  predictions  and  test  data,  emphasizing  the  capability 
of  the  mathematical  simulator  to  predict  accurately  the  heat  removal 
characteristics  of  the  LCG  in  response  to  the  various  test  conditions. 

From  the  apparent  linearity  of  Figure  3-5,  it  might  be  concluded 
that  an  incremental  increase  in  the  heat  produced  by  the  muscles  will 
reach  the  skin  and  be  removed  in  a linear  fashion  by  the  LCG.  However, 
it  is  necessar>  to  observe  relationships  between  skin  temperature,  LCG 
performance,  and  c her  factors  in  order  to  clarify  this  hypothesis. 

The  data  of  Santamaria  show  the  same  trends  as  the  observed  test 
data,  but  with  a considerably  lower  LCG  heat  removal  rate.  This  is  a 
consequence  of  the  higher  inlet  water  temperatures  and  the  reduced 
temperature  gradient  between  the  skin  and  the  LCG  water.  Since  the 
gradient  represents  the  driving  force  for  heat  transfer  between  the  skin 
and  the  LCG,  it  is  expected  that  higher  inlet  water  temperatures  would 
result  in  decreased  heat  removal  by  the  LcG.  If  there  are  no  other  means 
available  for  removing  the  ^xcess  heat  that  cannot  be  removed  by  the  LCG 
at  the  higher  inlet  cemperaturos,  body  temperatures  and  heat  storage  will 
rise.  This  is  supported  by  the  Increase  in  the  heat  storage  values  shown 
in  Figure  3-5  for  progressively  warmer  inlet  water  temperatures  at  constant 
metabolic  rates.  For  example,  at  a metabolic  rate  of  approximately  440  watts, 
heat  storage  increases  from  -37  to  +32  to  above  88  (predicted)  watt-hours 
as  LCG  inlet  temperature  increases  from  7 to  18  to  24-26°C. 
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Sweating  and  Evaporative  Heat  Loss 


The  consequence  of  decreased  LOG  heat  removal  is  an  increase  l*i  sk  m 
and  rectal  temperatures  and  body  heat  storage.  Since  active  sweat  rate  Is 
directly  controlled  by  the  increase  in  core  and  skin  temperatuf es,  it  would 
be  anticipated  that  this  would  lead  to  an  increase  in  sweat  rate  and 
evaporation  heat  loss.  The  computer  model  utilizes  the  following  relation- 
ship, developed  by  Stolwljk  and  Hardy  (136)  to  cha^’acterize  active 

sweating:  SWEAT  - ). 

i l(o)  1 l(o) 


(T  -T  )+K(T  -T  ) (See  equation  17,  Section  2). 

core  core,  . c core  core,  . 

(o)  (o) 


Other  investigators  relate  the  rate  of  change  of  skin  and  rectal  tempera- 
tures to  sweat  rate;  however,  in  all  cases,  a rise  in  body  temperatures 
and  heat  storage  is  a'^sociated  with  an  increase  in  active  sweat  rate. 

The  expected  relationships  between  sweating  and  the  decreased  LCG 
heat  removal  at  high  inlet  temperatures  are  shown  in  Figure  3-8.  Total 
evaporative  heat  loss  was  calculated  from  total  weight  loss  for  each  test 
condition  as  shown  in  the  sample  calculation  in  Appendix  C.  This  was  then 
converted  into  evaporation  heat  loss  from  active  sweat  by  subtracting  out 
empirical  expressions  for  evaporation  heat  loss  by  passive  diffusion  and 
by  respiration  (equations  5 and  7,  Appendix  C).  The  results  are  plotted 
in  Figure  3-8  as  a function  of  metabolic  rate,  and  demonstrate  tha  the 
sweating  response  is  not  Initiated  unless  metabolic  energy  production  is 
sufficiently  high  to  exceed  LCG  heat  removal  rate.  For  higher  LCG  inlet 
temperatures,  the  sweat  glands  and  active  sweating  are  more  easily 
stimulated,  even  at  resting  metabolic  rates.  However,  as  the  LCG  inlet 
temperature  decreased  to  16®C  and  then  to  7°C,  it  required  progressively 
higher  uetabollc  rates  of  229  and  410  watts  to  excite  the  sweating 


3-12 


response.  This  is  shown  In  Figure  3*9,  which  presents  the  metabolic  rate 
at  which  active  sweating  first  occurred  at  each  LCG  inlet  temperature, 
as  takun  from  Figure  3-8.  From  Figure  3-8,  the  data  for  24-26®C  inlet 
temperatures  show  the  highest  sweat  rates,  whereas  the  data  for  inlet 
temperatures  show  the  lowest.  In  all  cases,  for  a given  metabolic  rate, 
sweating  was  reduced  as  LCG  inlet  temperature  was  decreased,  and  was 
dramatically  less  than  it  would  have  been  without  the  LCG. 

Agreement  between  the  test  data  and  the  model  predictions  of 
Figure  3-8  is  fairly  good*  Predicted  values  tend  to  be  slightly  higher 
than  the  test  data  for  the  higher  metabolic  rates.  However,  this  is 
anticipated  from  the  total  heat  balance  equation  since  LCG  heat  removal 
predictions  were  slightly  less  than  the  test  data  values,  while  the  other 
heat  loss  factors  in  the  equation  were  relatively  constant. 

Inaccurate  estimations  of  radiation  heat  exchange  can  also  lead  to 
differences  between  the  model  predictions  and  cesc  data.  To  produce  the 
predictions  shown,  the  mathematical  mo  lc*l  utilize?:  the  environmental 
conditions  of  each  test  as  input  and  then  c-^mnutes  radiation  and  convection 
heat  lo: R between  the  subject  and  his  surroundings.  These  calculations 
suggest  that  convective  loss  is  unlikely,  but  a small  amount  of  radiative 
interchange  is  probable.  Of  course,  chls  depends  largely  upon  the 
insulation  properties  assumei  for  the  arctic  coverall  overgarment.  The 
heat  balance  data  of  Table  3-1  also  Indicate  that  radiation  heat  exchange 
from  the  environment  to  the  subject  may  have  occurred.  This  ’’leak,” 
although  small  (on  the  order  of  30  watts),  would  also  partially  explain  the 
constant  error  found  between  the  predicted  and  actual  results. 

Another  source  of  error  is  the  utilization  of  body  weight  loss  to 
calculate  evaporative  heat  loss  rate  and  sweat  rate  for  each  test  sequence. 
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In  addition  to  '‘naccuracles  due  to  unevaporated  sweat » the  empirical 
expressions  fnr  evaporative^  heat  loss  through  the  respiratory  tract  and 
for  passive  skin  diffusion  that  must  be  subtracted  from  the  total  evapor-- 
ative  heat  loss  data  to  arrive  at  sweat  rate  are  approximations  with  a 
certain  degree  of  er  ;or* 

The  data  of  Figure  3-8  (b^th  predicted  an'^  test)  display  a near 
rectilinear  relationship  between  active  sweating  and  metabolic  rate.  This 
ic  partially  because  there  was  no  active  sweating  for  any  of  the  cases 
in  which  Lue  subjects  wt re  cold  or  shivering;  and  also  because  sweat  rates* 
in  general,  were  very  low,  indicative  of  little,  if  any,  heat  rtress. 

Since  shivering  or  high  sweat  rates  would  lead  to  discontinuous  or  non- 
rectilinear  results,  it  it>  reasonable  to  expect  rectilirearity  in  the 
absence  of  heat  stress • 

Another  .observation  about  the  data  of  Figure  3-8  is  that  heat  removal 
by  active  sve^  -ing  constitutes  a far  smaller  percentage  of  the  total  heat 
removal  than  does  LCG  heat  removal.  This  can  be  more  clearly  seen  by 
replottlng  the  data  as  the  ratio  of  heat  removal  by  active  sweating  to 
total  metabolic  rate,  as  a function  of  LCG  inlet  tempera'.ure  (Figure  3-10) 
and  comparing  results  with  figure  3-7.  Here  it  can  be  seen  that  at  water 
temperatures  between  7 and  16®C,  active  sweat  heat  removal  rate  varies 
from  0 to  16%  of  the  total  metabolic  heat  production,  as  compared  wltt* 

60  to  l'^0%  for  theC.ee  heat  removal.  At  the  higher  inlet  temperatures, 
data  from  Santamaria  show  a greater  range  of  sweat  heat  removal  with 
va^  es  between  10  and  37%  of  che  total  metabolic  rate. 

The  data  scatter  at  high  inlc.  temperatures  implies  that  under  thcise 
conditions,  sweat  rate  is  driven  or  controlled  more  by  metabolic  rate. 

This  is  emphasized  by  the  higher  percentage  of  sweat  heat  loss  rates  at 
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the  higher  metabolic  rates*  as  contrasted  with  the  low  LCG  tonperature 
data  in  which  metabolic  rate  makes  little  difference  in  percent  heat  loss. 
Under  the  latter  conditions*  sweat  rates  are  very  low  and  appear  to  be 
driven  or  under  the  control  of  the  LOG.  However*  in  order  to  ascertain 
that  this  is  truly  the  case*  it  will  be  necessary  to  examine  sweat  heat 
loss  rate  > its  dependence  upon  skin  and  rectal  temperatures  and  heat 
storage*  This  will  be  done  subsequently* 

The  band  of  data  relating  sweat  heat  loss  rate  and  LCG  inlet  trapera^ 
ture*  especially  at  the  lower  inlet  temperatures*  also  raises  the  possibility 
of  using  these  results  as  a means  of  predicting  active  sweat  rate  from  LCG 
performance.  It  can  be  seen  that  if  Figure  3-5  or  3-7  is  utilized  to  pre- 
dict metabolic  rate  from  LOG  inlet  temperature  and  LGG  heat  removal*  chen 
Figure  3-8  or  3-10  can  be  coupled  to  this  to  predict  active  sweat  heat  loss 
rate  (and  active  sweat  rate).  Of  course*  in  order  for  such  a predictive 
schene  to  be  valid*  it  must  be  shown  that  the  trends  demonstrated  by  these 
results  are  repeatable  for  many  other  tests  over  a wide  range  of  conditions* 
It  is  to  this  end  that  much  of  this  thesis  is  directed. 

It  should  be  emphasized  that  heat  loss  by  active  sweating  is  only 
one  of  three  ways  that  the  body  utilizes  to  lose  heat  by  evaporative  heat 
transfer.  Sweating  is  a reflex  response  of  the  thermoregulatory  system 
to  rising  body  temperatures  and  heat  stress.  However*  the  body  also  loses 
heat  by  evaporation  of  water  through  the  respiratory  tract*  and  by  con- 
tinuous passive  diffusion  of  water  through  the  skin* 

Evaporation  heat  loss  by  diffusion  depends  upon  a diffusion  coeffi- 
cient* and  the  water  vapor  pressures  of  the  air  and  at  the  skin  surface. 

It  may  be  calculated  using  equation  7 of  Appendix  C.  This  relationship  is 
in  basic  agreement  with  data  from  Fanger  (50)  and  other  Investigators  (57) 
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and  the  results  for  a typical  case  are  shown  in  Figure  C6  of  Appendix  C. 

It  is  seen  that  evaporation  heat  loss  by  diffusion  at  comfort  decreases 
with  metabolic  rate  and  represents  a rather  negligible  percentage  of  the 
total  evaporation  heat  loss.  The  slight  decrease  shown  is  due  to  Increased 
peripheral  vascoconstruction^  and  decreased  skin  t^perature  and  satura- 
tion vapor  pressure  at  the  skin  surface,  associated  with  the  progressively 
lower  LCG  water  temperatures  utilized  at  the  higher  metabolic  rates. 

On  the  other  hand,  evaporation  heat  loss  through  the  respiratory 
tract  is  quite  significant,  especially  at  higher  metabolic  rates.  Evapora- 
tion heat  loss  by  respiration  is  calculated  in  the  mathematical  model  by 
eqiiation  3 or  Figure  C5  of  Appendix  C.  This  expression  is  shown  to  be 
dependent  upon  metabolic  race  and  the  water  vapor  pressures  of  the  air  and 
in  the  respiratory  tract.  Heat  loss  is  related  to  the  volume  of  air 
exchanged  in  the  lungs,  and  is  predicated  the  observation  that  air 
inspired  through  the  respiratory  tract  at  ambient  environmental  conditions 
will  be  expired  at  temperatures  near  deep  body  temperature  and  saturated 
at  100%  humidity.  The  heat  loss  expression  relates  the  volume  of  air 
exchanged  to  metabolic  rate  and  also  includes  other  effects,  such  as 
hyperventilation  in  response  to  hypoxia  (see  Figure  C4  of  Appendix  C). 
Although  equation  S,  Appendix  C is  a simplification  of  a complex  process, 
the  results  are  in  zood  agreement  with  observations  of  respiration  heat 
loss  by  other  investigators  (50). 

Figure  3-11  presents  the  total  latent  -/aporatlon  heat  removal  rate 
as  a function  of  metabolic  rate  for  the  various  LCG  inlet  water  tempera- 
tures used.  The  total  evaporation  heat  loss  represents  the  summation  of 
active  sweat  heat  less  (Fip,ure  3-8),  evaporation  heat  loss  by  passive 

diffusion,  and  evaporation  heat  loss  through  the  respiratory  tract.  It 
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l8  determined  from  total  subject  weight  loss  for  each  test  condition  (see 
sample  calculation  of  Appendix  C).  Figure  3*11  shows  that  total  evapjra* 
cion  heat  loss  Is  considerably  greater  than  the  heat  loss  by  active 
sweating  alone. 

This  Is  shown  more  graphically  In  Figure  3*12,  which  presents  the 
data  of  Figure  3*11  as  the  ratio  of  total  evaporative  heat  loss  to 
metabolic  rate,  as  a function  of  LCG  Inlet  water  temperature.  Here  It  Is 
observed  that  total  evaporation  heat  loss  removes  as  much  as  52Z  of  the 
total  metabolic  heat  load  produced  for  the  higher  LCG  inlet  temperatures 
(249  watts  are  removed  by  evaporation  heat  loss  at  a metabolic  rate  of 
472  watts  for  an  LCG  inlet  water  temperature  of  24®C).  However,  for  the 
lower  inlet  water  temperatures,  this  percentage  is  still  much  smaller  than 
the  LCG  heat  removal,  usually  amounting  to  approximately  25%  of  the  total 
heat  produced. 

Skin  Temperature,  Rectal  Temperature  and  Total  Body  Heat  Storage 

In  order  to  understand  more  fully  the  effects  of  the  LCG  upon 
thermo*regulatlon,  it  is  instructive  to  look  at  such  physiological  parara* 
eters  as  skin  temperature,  rectal  temperature,  heat  storage  and  sweat 
rate.  Figures  3-13  and  3-14  show  the  steady-state  response  of  mean  skin 
and  rectal  temperature  to  LCG  inlet  water  temperatuie  and  metabolic  rate 
for  this  test  series.  ?lean  skin  temperature  is  calculated  by  weighted 
values  of  at  l^ast  five  skin  temperatures  (see  equation  2 of  Section  2). 
The  weight  factors  are  proportioned  to  relative  body  mass  and  only 
steady-state  temperatures  are  considered. 

From  the  steady  state  data  of  Figure  3-13,  representing  a composite 
of  all  metabolic  rates  between  117  and  615  watts,  it  can  be  seen  that 
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rectal  temperature  remained  nearly  constant  for  all  water  inlet  temp- 
tures  between  7 and  26*C,  while  mean  skin  temperature  showed  a dmnatlc 
linear  Increase*  with  a gradient  of  0.32"C  change  In  mean  skin  temperature 
per  1"C  change  in  Inlet  temperature.  At  the  lc<fer  LOG  Inlet  temperatures 
(7  and  16‘C)*  skin  temperature  Is  controlled  by  the  LOG  water  temperature 
rather  than  metabolic  rate.  This  Is  evident  because  these  data  points 
represent  a wide  range  of  metabolic  rates  between  352  - 615  watts.  At 
the  higher  inlet  temperatures*  the  same  conclusion  Is  not  as  obvious 
because  metabolic  rates  were  generally  lower  and  did  not  vary  as  widely. 

It  is  suspected  that  skin  temperature  at  the  higher  inlet  temperatures 
would  be  more  a function  of  metabolic  rate  (that  Is*  heat  production)  chan 
at  lower  LOG  temperatures.  This  Is  shoxm  to  some  extent  by  Figure  3-14* 
which  shows  the  variation  of  mean  skin  and  rectal  temperatures  as  a func- 
tion of  metabolic  rate.  The  higher  Inlet  temperature  data  of  Santamaria 
suggest  a more  direct  increase  In  average  skin  temperature  In  response  to 
metabolic  rate  than  does  the  lower  LCG  temperature  data.  However*  more 
data  points  at  higher  metabolic  rates  are  necessary  to  justify  this  trend 
since  this  data  only  represented  metabolic  rates  between  205  and  293  watts. 

Comparing  Figures  3-13  and  3-14,  it  should  be  noted  that  the  varia- 
tion of  skin  temperature  in  response  to  metabolic  rate  for  a constant  LCG 
water  temperature  (Figure  3-14)  is  not  as  dramatic  as  the  variation  of 
skin  temperature  as  a function  of  LCG  water  temperature  for  all  metabolic 
rates  (Figure  3-13).  This  again  emphasizes  that  skin  temperature  is  more 
under  the  control  of  the  LCG  water  temperature*  especially  at  the  lower 
water  temperatures.  As  seen  in  Figure  3-13,  rectal  temperature  appears 
to  decrease  somewhat  because  metabolic  rate,  and  thus  heat  production, 
generally  varied  inversely  with  inlet  temperature.  On  the  other  hand. 


Figure  3-14  indicates  a rectilinear  increase  in  body  temperature  with 
metabolic  rate.  The  slope  of  the  curve  fit  to  the  data  is  0,0035^C/watt 
and  appears  independent  of  LCG  inlet  temperature.  In  fact,  it  has  been 
demonstrated  (97)  that  rectal  temperature  varies  directly  in  response  to 
metabolic  rate  and  is  largely  independent  of  hear  loss  at  the  skin  surface. 

In  Figure  3-14,  the  predicted  (mathematical  model)  results  are  shown 
as  solid  lines,  and  agreement  with  the  actual  data  points  is  reasonable. 
There  is  very  good  agreement  between  predicted  and  actual  rectal  tempera- 
tures, while  predicted  mean  skin  temperatures  are  generally  lower  than 
actual  results.  Variations  between  predicted  and  actual  mean  skin  tem- 
perature may  be  traced  to  individual  subject  variations  from  test  to 
test  (5  different  subjects  were  used),  to  difficulties  in  measuring  skin 
temperatures  accurately  due  to  the  proximity  of  the  skin  thermocouples 
to  the  LCG  water  tubes  with  resultant  possible  biasing,  and  to  shortcomings 
and  simplifications  of  the  thermal  model  itself. 

The  model  predictions  of  mean  skin  temperature  appear  to  deviate  from 
the  actual  results  by  almost  the  same  amount  (2-3^C)  for  each  LCG  inlet 
water  temperature.  This  raises  the  possibility  that  the  model  may  be 
underpredicting  the  heat  production  that  occurs  in  various  tissues  at  a 
given  metabolic  rate,  which  would  lead  to  lower  predicted  skin  temperatures 
in  certain  areas,  and  a low  mean  skin  temperature.  This  will  be  discussed 
further  in  the  subsequent  analysis  of  the  transient  results.  However, 
another  likely  possibility  is  that  the  model  may  be  overly  restricting 
peripheral  blood  flow  circulation,  especially  at  cooler  skin  temperatures. 
This  could  be  caused  by  oversimulation  of  vasoconstriction,  or,  perhaps, 
under simulation  of  vasodilatation. 
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Since  both  of  these  physiological  control  functions  are  characterized 
in  the  model  by  complicated  expressions  containing  set-point  temperatures 
and  gain  constants  (see  equation  17,  Section  2),  it  would  be  difficult  to 
ascribe  such  errors  to  the  model  without  considerably  more  data  and 
analysis  than  are  available  from  the  present  test  series.  However,  those 
factors  should  not  be  overlooked  as  a possible  source  of  error. 

The  fact  that  the  model  under-predicts  mean  skin  temperature  sheds 
added  light  on  the  interpretation  of  the  results  plotted  in  Figures  3-S 
and  3-8.  Differences  in  the  predicted  and  actual  results  of  these  curves 
were  traced  to  possible  errors  in  the  heat  transfer  coefficient  or  the 
radiation  heat  exchange  properties  used  by  the  model.  Now  it  appears  that 
underprediction  of  skin  temperature  may  also  be  a significant  source  of 
error,  since  the  driving  force  for  heat  transfer  to  the  LOG  is  the  tempera- 
ture difference  between  the  LCG  water  and  the  skin.  These  factors  will  be 
examined  subsequently  in  more  detail;  however,  for  the  data  of  Figure  3-14, 
the  predicted  behavior  of  the  mathematical  model  has  some  value  in  inter- 
pretation of  the  trends  shown  by  the  test  data. 

The  S-shape  of  the  7**C  curve  in  Figure  3-14  probably  results  in  part 
from  vasoconstriction  effects  which  are  predicted  by  the  model  for  skin 
tanperatures  below  24°C  at  metabolic  rates  below  360  watts,  and  were  noted 
by  Webb  (155).  At  these  metabolic  rates  and  water  temperatures,  skin 
temperature  is  depressed,  and  vasoconstriction  and  shivering  with  Increased 
heat  retention  by  the  deep  body  is  predicted.  For  this  reason,  the  skin 
temperature  remains  constant  at  very  low  metabolic  rates  (dashed  line). 

The  heat  reaching  the  skin  Is  restricted  because  the  peripheral  blood-flow 
remains  reduced  until  the  metabolic  rate  increases  enough  to  drive  the  skin 
temperature  up  by  means  of  conduction  of  heat  from  the  deep  body. 
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As  metabolic  rate  increases  beyond  360  watts,  shivering  ceases,  and 
heat  production  and  skin  blood-flow  eventually  increase  until  peripheral 
circulation  is  fully  restored  and  active  sweating  is  initiated*  For  the 
test  data  shown,  this  appears  to  occur  at  a metabolic  rate  of  approximately 
400  watts  for  the  7^C  water  temperature,  in  agreement  with  the  results  of 
Figure  3-9*  As  metabolic  rate  is  increased  further,  the  skin  temperature 
continues  to  increase  as  vasodilatation  and  active  sweating  develop. 

As  metabolic  rate  increases  beyond  440  watts,  the  rise  in  skin 
temperature  ceases.  The  mathematical  model  predicts  that  this  occurs 
because  the  active  sweat  response  is  large  enough  to  offset  the  increased 
metabolic  heat  production,  and  evaporation  heat  loss  maintains  the  skin  at 
nearly  constant  temperature.  Thus,  skin  temperature  does  not  appreciably 
rise  because  the  heat  removed  by  the  LCG  and  by  evaporation  are  adequate 
to  remove  all  of  the  heat  of  metabolism. 

The  shape  of  the  16®C  inlet-water  temperature  curve  is  somewhat 
different  in  appearance.  Here  the  model  predicts  vasoconstriction  effects 
only  at  the  lowest  metabolic  rates.  From  the  test  data,  the  onset  of 
active  sweating  occurred  at  220  watts  (see  Figure  3-9).  Skin  temperature 
is  not  depressed  as  much  as  for  the  lower  water  temperature  case,  and 
continues  to  rise  as  metabolic  rate  increases.  This,  coupled  to  increases 
in  core  temperature,  results  in  larger  sweat  rates,  sufficient  to  remove 
the  heat  of  metabolism.  The  higher  sweat  rates  are  required  because  LCG 
heat  removal  is  less  at  the  higher  inlet  temperature  and  must  be  supple- 
mented by  evaporative  heat  loss* 

Core  temperature,  skin  temperature,  peripheral  vasodilitation  and 
sweating  continue  to  rise  until  the  last  is  high  enough  to  balance  total 
heat  production  with  total  heat  loss.  This  occurs  before  the  V a is 
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fully  vet  ted  9 in  a zone  In  which  sweat  rate  can  be  greatly  Increased  with 
only  slight  increases  in  skin  temperature.  The  result  is  a near«*constant 
plateau  in  skin  temperature,  which  occurs  at  lower  metabolic  rates  than 
for  the  data  of  the  7^C  case. 

Skin  temperature  ultimately  resumes  its  increase  at  higher  metabolic 
rates  (dashed  line)  because  LCG  heat  removal,  sweating,  and  evaporative 
heat  loss  are  eventually  insufficient  to  maintain  a steady-state  heat 
balance.  At  this  point,  the  skin  is  fully  wetted,  and  body  heat  storage, 
core  temperature,  and  skin  temperature  must  all  rise  until  the  latter  is 
sufficiently  high  to  raise  the  vapor  pressure  of  water  at  the  skin  surface. 
This  augments  evaporative  heat  loss  enough  to  offset  the  increased  metabolic 
rate  but  requires  a much  greater  rise  in  skin  temperature  than  the  previous 
zone. 

The  behavior  of  the  16^C  curve  again  suggests  that  as  inlet  tempera- 
ture Increases,  skin  temperature  becomes  influenced  more  by  metabolic  rate 
and  less  by  the  LCG.  The  data  of  Santamaria  for  the  24-26^C  water  tempera- 
tures seem  to  reinforce  this  idea  further,  but  again,  more  data  points  at 
higher  metabolic  rates  are  needed. 

As  mentioned  previously,  the  rectal  temperatures  displayed  in 
Figure  3-14  show  a general  increase  with  metabolic  rate.  There  was  no 
appreciable  difference  between  the  data  for  7 or  16®C  water  temperatures. 
This  general  increase  is  associated  with  an  increase  in  heat  production 
accompanied  by  active  sweating  In  order  to  maintain  a proper  total  heat 
balance  at  the  higher  metabolic  rates.  This  is  the  trend  predicted  by  the 
mathematical  model,  and  agreement  with  the  test  data  in  this  case  is 
excellent. 
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As  mentioned  previously^  the  dependence  of  active  sweating  upon  skin 
temperature  and  core  temperature  is  well  known  (8^  15»  49,  65,  107,  139) « 
This  relationship  was  observed  in  the  present  test  series  and  is  seen  in 
Figures  3-15,  3-16,  3-17  and  3-18. 

Figure  3-15  indicates  a general  increase  in  the  active  sweat  rate  as 
skin  temperature  increases  from  24  to  32®C,  and  Figure  3-16  shows  a sub- 
stantial increase  in  active  sweat  rate  with  a rise  In  rectal  temperature 
from  36.5®C  to  38.5®C.  Thus,  sweat  rate  appears  to  be  more  sensitive  to 
a change  in  rectal  temperature  than  a change  in  skin  temperature,  as 
emphasized  by  the  greater  slope  of  Figure  3-16  compared  to  Figure  3-15. 

This  is  demonstrated  in  another  way  by  Figure  3-17,  which  relates  the 
change  in  average  skin  and  rectal  temperatures  measured  over  the  duration 
of  each  test  to  active  sweat  rate.  Here,  increases  in  average  skin  tem- 
peratures on  the  order  of  5-6®C  are  required  to  produce  the  same  equivalent 
sweat  rates  as  an  increase  of  1.5®C  in  rectal  temperature.  It  is  this 
type  of  observation  that  has  led  physiologists  to  the  conclusion  that  the 
response  of  the  thermoregulatory  control  system  (in  this  case,  sweating) 
to  changes  in  skin  temperature  constitute  a less  sensitive,  **fine  tuning” 
type  of  control,  while  adjustments  in  response  to  changes  in  deep  body 
(or  hypothalamic)  temperature  are  associated  with  a more  sensitive 
homeostatic  control  mechanism  (101). 

Concernirg  the  model  predictions  shown  in  Figures  3-15  and  3-16,  it 
is  seen  that  the  model  results  show  the  same  trends  as  the  data*  The 
separate  predictions  for  7®  and  16®C  LCG  inlet  temperatures  illustrate 
the  fact  that  sweating  depends  upon  both  skin  and  core  temperature.  Thus, 
for  example,  it  is  possible  to  have  the  same  sweat  rate  for  low  skin 
temperatu  “S  and  high  rectal  temperatures  as  for  high  skin  temperatures 
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and  lower  rectal  temperatures.  It  is  noted  that  for  the  skin  temperature 
curve^  the  onset  of  sweating  is  predicted  to  occur  considerably  before  it 
actually  did.  The  same  discrepancy  is  present » although  much  less 
noticeable^ln  the  rectal  temperature  curve.  ThuSf  the  model  predicts  the 
occurrence  of  sweating  at  lower  skin  or  rectal  temperatures  than  was 
actually  observed;  and  also  predicts  higher  sweat  rates  for  a given  skin 
or  rectal  temperature. 

These  findings  may  explain  why  predictions  of  sweat  heat  loss  rate 

and  total  evaporative  heat  loss  rate  (Figures  3«-8  and  3-11)  were  good 

despite  the  fact  that  skin  temperature  was  under predicted.  In  other  words, 

the  model  simulations  of  skin  temperature  (Figure  3-14)  and  sweat  rate 

(Figures  3-15,  and  3-16)  deviate  from  the  actual  results  in  an  opposing 

fashion.  The  total  effect  is  that  the  heat  balance  is  generally  accurate 

because  errors  in  predictions  of  skin  temperature  and  predictions  of  the 

effects  of  skin  temperature  upon  sweating  tend  to  cancel  one  another  out. 

The  data  of  Figure  3-17,  on  the  other  hand,  show  much  better  agreement 

between  the  ac^ual  and  predicted  change  in  skin  and  rec^ il  temperatures 

versus  sweat  rate.  Thus,  the  model  appears  to  be  better  at  predicting 
* 

the  effect  of  a change  in  skin  or  rectal  temperature  upon  sweating  than  in 
relating  the  absolute  skin  or  rectal  temperature  to  sweating. 

In  light  of  the  above,  it  would  seem  that  some  of  the  set-point 
temperatures  used  in  the  equations  characterizing  sweat  in  the  model 
(equations  14-17,  Section  2)  may  be  too  low,  while  the  gain  constants 
utilized  appear  to  be  accurate.  This  would  lead  to  a premature  predicted 
onset  of  sweating,  yet  with  a correct  slope  and  an  accurate  prediction  of 
the  effect  of  changes  In  skin  and  rectal  temperature  upon  sweating. 
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Modifying  the  set^point  temperatures  In  accordance  with  the  above » 
while  simultaneously  decreasing  the  model's  vasoconstriction  function 
(or  Increasing  vasodilatation),  would  probably  produce  a rise  In  skin 
temperatures  with  little  effect  upon  sweating,  thus  bringing  predictions 
more  into  agreement  with  actual  results*  However,  due  to  the  complex 
dynamic  interactions  of  the  model  (the  sweating  function  indirectly 
interacts  with  the  vasoconstriction  function,  etc.),  these  changes  may  not 
produce  the  results  that  appear  obvious  from  first  glance.  Furthermore, 
many  other  factors  have  been  mentioned  In  the  test  Itself  which  could 
contribute  to  the  observed  errors,  and  it  is  likely  that  a combination  of 
these  factors  is  responsible.  Con..equently,  it  will  be  necessary  to 
examine  more  results,  and  possibly  perform  more  tests,  before  a pattern 
emerges  that  would  reasonably  justify  and  guide  modification  to  the  con-* 
trolling  parameters  of  vasodilatation,  vasoconstriction  and  sweating  in 
the  model. 

Perhaps  a more  useful  means  of  evaluating  the  sweating  response  is  by 
the  computation  of  total  body  heat  storage.  Total  heat  storage  is  a 
measure  of  the  change  in  body  heat  from  the  beginning  to  the  end  of  a par- 
ticular test.  It  reflects  the  change  in  both  skin  and  rectal  temperatures 
(see  equation  3,  section  2)  as  measured  over  a specified  time  period. 

The  variation  of  active  sweat  rate  with  body  heat  storage  is  shown 
along  with  model  predictions  in  Figure  3-18.  In  relating  body  heat  storage 
to  sweating,  variations  and  scatter  in  skin  temperature  data  tend  to  be 
damped  out,  as  rectal  temperature  is  more  heavily  weighted  in  the  calcula- 
tion of  heat  storage.  Consequently,  the  predictions  of  active  sweat  rate 
versus  total  body  heat  storage  arc  in  very  good  agreement  with  actual 
results  (since  predictions  of  rei  ill  temperature  were  more  accurate). 
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Figure  3^18  also  shows  a strong  linear  relationship  between  active  sweat 

2 

rate  and  heat  storage,  with  a slope  of  about  1.3  g/watt-hr  • It  should  be 
noted  that  the  model  predicts  some  dependence  of  the  heat  storage-sweat 
rate  curve  upon  LCG  in]et  temperature.  This  is  because  different  combina- 
tions of  changes  in  skin  and  rectal  temperatures  can  produce  the  same 
value  of  heat  storage,  but  slightly  different  sweat  rates. 

The  use  of  heat  storage  has  the  additional  advantage  of  providing  a 
quantitative  means  of  assessing  thermal  comfort.  >By  relating  the  subjec- 
tive responses  of  test  subjects  fo  measured  values  of  body  heat  storage, 
the  Environmental  Physiology  Laboratory  at  the  Johnson  Space  Center  of  the 
National  Aeronautics  and  Space  Administration  has  postulated  a comfort 
band  for  test  subjects  wearing  an  LCO,  This  band  varies  linearly  from 
0+19  watt-hrs  stored  body  heat  at  a metabolic  rate  of  146  watts  to 
40  + 19  watt-hrs  stored  body  heat  at  a metabolic  rate  of  586  watts.  Heat 
storage  values  above  the  upper  limits  of  the  band  represent  off-corafort 
warm  conditions  and  values  below  the  lower  limit  represent  off-comfort  cold 
conditions. 

The  band  was  determined  by  noting  that  subjects  generally  were  com- 
fortable If  sweat  rates  were  limited  between  0 to  100  i hr  for  metabolic 
rates  of  146  to  586  watts  respectively.  The  heat  storage  for  each  sweat 
rate  was  determined,  and  it  was  this  value  that  was  associated  with  thermal 
comfort  at  each  metabolic  rate.  Furthermore  it  was  found  from  the 
literature  (18)  that  subjective  feelings  o^  comfort  varied  from  individual 
to  individual  at  each  environmental  condition. 

The  variance  in  subjective  comfort  was  correlated  with  a range  of 
jj0.3®c  in  rectal  temperature.  The  variation  in  rectal  temperature  at 
comfort  was  then  related  to  a variance  in  heat  storage  of  + 19  watt-hours 
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(see  equation  3,  Section  2).  Thus,  til's  comfort  band  was  derived  from  a 
value  of  heat  storage  associated  with  a sweet  rate  observed  at  comfort  at 
a particular  metabolic  rate;  plus  a variation  In  heat  storage  whlcn 
accounts  for  differences  In  the  subjective  feeling  of  comfort  experienced 
by  various  individuals. 

It  Is  possible  to  show  that  this  comfort  band  can  be  superimposed  on 
curves  of  sweat  heat-loss  (such  as  Figure  3-d)  in  such  a way  as  to  demon- 
strate that  under  comfort  conditions,  a subject  wearing  an  LOG  would  limit 
his  sweat  heat-loss  rate  to  a very  small  percentage  of  the  total  metabolic 
heat  production.  He  would  do  so  by  controlling  the  inlet  water  temperature 
of  the  liquid  cooled  garment.  By  superimposing  the  comfort  band  on  the 
data  for  LCG  heat  removal.  It  would  also  be  possible  to  predict  the  inlet 
temperature  that  would  be  selected  and  the  amount  of  hiat  that  must  be 
removed  by  the  LCG  In  order  to  optimize  comfort. 

This  concept  will.,  be  demonstrated  for  subsequent  tests,  but  can  be 
shown  in  another  way  by  Figure  3-19.  Here,  total  body  heat  storage  is 
presented  as  a function  of  netabollc  rate  and  LCG  Inlet  temperature  for 
each  test.  The  predictions  of  the  mathematical  model  are  Indicated  by  the 
solid  lines  and  the  comfort  band  Is  shown  superimposed  on  the  data. 

Figure  3-19  shows  that  the  heat  storage  curve  for  the  16®C  inl.et  water 
temperature  Is  well  above  that  for  the  colder  7*C  water,  at  the  same  meta- 
bolic rate.  If  this  Is  then  referred  to  Figure  3-18,  It  Is  easily  seen 
that  the  sweat  rate  is  higher  for  the  higher  Inlet  temperature.  Thus, 
body  heat  storage  Is  a most  convenient  parameter  with  which  to  relate 
active  sweat  rate  to  metabolic  tate  and  lCG  Inlet  temperature. 

From  Figure  3-19,  It  is  also  seen  that  many  of  the  test  points  lie 
outside  of  the  comfort  band.  As  mentioned  previously,  subjects  had  no 


control  over  the  LCG  Inlet  temperature,  and.  In  fact,  most  data  points 
were  on  the  cold  side  of  comfort  with  frequent  shivering.  This  Is  s^wn 
very  well  by  Figure  3-19,  and  Is  supported  by  the  subjective  comments  of 
the  test  subjects.  It  should  be  noted,  however,  that  since  relatively  few 
data  points  were  within,  or  were  above  the  warm  limit  of  the  comfort 
band,  additional  test  data  would  be  desirable.  Tests  In  which  the  subjects 
regulated  the  Inlet  water  temperature  to  maintain  thermal  comfort  uml<!r  a 
variety  of  cmvlronmental  conditions  will  be  presented  subsequently  and  will 
underscore  the  utility  of  this  comfort  band  technique  as  a means  of 
assessing  thermal  comfort. 

Discussion  of  Errors 

The  results  of  Figure  3-19  Illustrate  the  usefulness  of  the  mathe- 
matical model  as  a tool  for  predicting  heat  storage  and  thermal  comfort. 
Overall  agreement  between  the  test  data  and  the  predicted  results  is 
excellent.  There  Is  some  scatter  for  the  more  negative  heat  storage 
region;  however,  this  is  understandable  because  the  mathematical  model  is 
not  well  correlated  for  extreme  cold  or  shivering  conditions,  primarily 
because  of  the  scarcity  of  test  data,  and  also  because  the  test  data  are 
very  difficult  to  evaluate  for  shivering  subjects.  On  the  other  hand, 
agreement  in  the  regions  of  heac  storage  near  comfort  is  very  good. 

It  should  also  be  pointed  out  that  although  model  predictions  of  core 
and  individual  skin  temperature  may  deviate  from  test  data  to  a greater 
extent  than  does  predictions  of  heat  storage,  the  utility  of  the  model 
lies  more  In  its  ability  to  predict  heat  storage  and  thermal  comfort  than 
In  its  ability  to  forecast  various  skin  and  rectal  temperatures.  Differ- 
ences between  actual  and  predicted  rectal  and  skin  temperatures  may  occur 
for  a variety  of  reasonc,  not  the  least  important  of  which  are  the  many 
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oversimplifications  inherent  in  the  mathematical  model.  These  oversimpli- 
fications and  proposed  methods  of  Improvement  are  discussed  subsequently. 
However 9 it  should  be  noted  that  if  total  body  heat  storage  predictions 
are  more  accurate  than  those  of  individual  skin  and  rectal  t^peratures» 
it  simply  suggests  that  the  model  is  partitioning  the  production  and 
dissipation  of  heat  among  the  various  body  compartments  less  accurately 
than  it  is  computing  the  total  body  heat  balance. 

This  is  seen  to  be  the  case  for  several  of  the  transient  results 
presented  in  Figures  3-1  to  3-4.  All  four  tests  showed  reasonably  good 
agreement  between  actual  and  predicted  rectal  temperature ^ average  skin 
temperature  and  heat  storage ^ and  in  most  cases  the  mathematical  model 
predictions  were  slightly  lower  than  the  test  values. 

Comparison  of  predicted  and  actual  individual  skin  temperatures  shows 
that  the  chest  had  the  greatest  deviation  for  all  four  tests  considered. 

This  may  have  occurred  through  overprediction  by  the  model  of  the  percent- 
age of  the  total  heat  removed  by  the  LCG  from  the  chest.  More  specifically, 
if  the  percentage  of  the  total  water  flowrate  assigned  to  the  chest  area  of 
the  LCG  is  too  high,  then  predicted  chest  skin  temperature  will  be  too  low. 

The  agreement  between  actual  and  predicted  chest  skin  temperature  would 
be  xiiiproved  simply  by  reducing  the  proportion  of  total  LCG  flowrate  that 
goes  to  the  chest  area.  In  addition,  the  mathematical  model  treats  the 
entire  torso  area  as  one  region.  That  is,  the  chest,  back,  upper  thighs 
and  groin  are  lumped  into  a so-called  trunk  or  chest  area.  It  can  be  seen 
from  Figure  3-1  that  there  can  be  a considerable  difference  in  temperature 
between  the  chest  and  the  back.  Therefore,  oversimplification  of  the 
model  in  this  respect  results  in  Inaccurate  representation  of  the  chest 
skin  area.  In  future  versions,  the  torso  will  be  divided  into  discrete 
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region6»  thus  permitting  greater  accuracy.  This  will  be  described  in  more 
detail  In  Section  4. 

While  the  differences  between  predicted  and  actual  skin  temperatures 
are  less  for  other  areas»  such  as  the  arms,  legs  a forehead.  In  some 
cases,  they  are  substantial.  It  Is  suspected  that  these  differences  arise, 
at  least  in  part,  from  the  lumped  parameter  techniques  employed  by  the 
current  model.  Future  versions  will  use  a more  accurate  flnlte*difference 
approach  that  will  account  for  heat  transferred  In  two  spatial  dimensions. 

As  mentioned  previously,  other  possibilities  for  the  differences 
observed  between  actual  and  predicted  skin  temperatures  include  inaccuracies 
in  the  vasoconstriction/vasodilatation  expressions  utilized  by  the  model, 
and  underpredictions  of  local  heat  production  In  various  tissues.  In  the 
case  of  the  former,  changing  the  set  points  or  gain  constants  of  the  equa-> 
tlons  of  vasodilatation  or  vasoconstriction  in  such  a way  as  to  increase 
localized  peripheral  blood-flow  would  result  in  an  increase  in  the  predicted 
local  skin  temperature.  This  would  appear  to  be  especially  applicable  to 
the  chest  area. 

From  the  transient  data  in  Figures  3-1  to  3-4,  it  will  be  noted  that 
agreement  between  predicted  and  actual  heat  storage  is  quite  good  despite 
wide  variations  in  several  skin  temperatures.  This  occurs  for  two  reasons: 
Firstly,  heat  storage  is  more  heavily  dependent  upon  rectal  or  core  tempera- 
ture (for  which  there  was  good  agreement  between  predicted  and  actual 
results).  More  important,  however,  is  the  fact  tliat  heat  storage  is  found 
from  the  change  in  rectal  and  skin  temperatures,  rather  than  from  their 
absolute  values,  and  the  model  t^as  more  accurate  at  predicting  the  changes 
that  occurred  in  various  body  temperatures  than  it  was  at  predicting  the 

temperatures  themselves. 
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This  suggests  that  the  8et*-point  parameters  used  In  the  vasoconstrlc^ 
tion  terms  may  have  been  too  low,  or  those  of  the  vasodilatation  terms  too 
high.  If  additional  analysis  shows  a consistent  pattern,  the  individual 
skin  temperatures  which  show  the  largest  deviation  from  actual  results  may 
dictate  a modification  of  the  set-prxnt  parameters  for  the  vasoconstriction 
or  vasodilatation  terms  that  control  blood-flow  to  those  specific  regions 
in  the  model. 

As  regards  the  possibility  that  the  model  is  underpredicting  local 
heat  generation,  there  are  insufficient  data  at  hand  to  evaluate  this 
idea  critically.  However,  some  comments  are  in  order. 

The  model  determines  total  heat  generation  by  assigning  a basal 
metabolic  rate  to  all  body  tissues,  and  augments  this  by  increasing  the 
metabolic  rate  of  the  muscles  so  that  total  heat  production  adds  up  to  the 
metabolic  rate  required  to  perform  a specific  task.  The  percentage 
Increase  for  each  muscle  region  is  proportional  to  the  relative  size  of 
the  muscle. 

In  the  current  version  of  the  model,  there  is  no  attempt  to  partition 
the  heat  production  of  various  muscles  according  to  the  specific  task  being 
performed.  In  other  words,  the  percentage  increase  in  the  heat  production 
of  the  muscles  does  not  consider  the  fact  that  different  muscles  are  used 
more  than  others  for  different  tasks.  Since  all  tasks  for  the  present 
study  required  similar  types  of  exercise,  this  shortcoming  did  not  impair 
the  usefulness  of  the  model.  However,  for  widely  variant  types  of  muscular 
activity,  it  will  he  necessary  to  account  for  this  factor  in  future  versions 
of  the  model. 

In  addition,  the  model  assumes  that  the  other  body  organs  generate 
a constant  amount  of  heat  (basal)  that  is  invariant  during  exercise* 
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There  Is  evidence  to  suggest  this  may  not  be  the  case.  Hodgdon  (90) 
observed  cyllcal  changes  in  internal  body  temperatures  of  primates^  and 
Webb  (157)  reported  cyclical  changes  in  the  heat  storage  of  human  subjects 
which  m^y  be  attributable  to  a 24-hr  rhythm  in  heat  generation  by  various 
body  o ‘go as.  In  any  case,  far  more  work  is  required  before  the  nature 
of  the  local  heat  production  terms  can  fully  understood,  and  this  is 
certainly  a possible  source  of  error  in  the  model  which  could  explain 
differences  between  predicted  and  actual  body  temperatures. 

To  c mclude  the  analysis,  some  observations  about  the  behavior  of 
the  transient  data  in  Figures  3-1  to  3-4  are  appropriate.  The  time  constant 
for  m»:>st  of  the  temperatures  appears  to  be  on  the  order  of  30  to  60  min; 
however,  this  is  subject  to  variation,  depending  on  the  severity  of  the 
test  conditions.  For  example,  for  the  tests  shown  in  Figures  3-2  and  3-3, 
most  of  the  temperatures  had  approached  their  steady-state  values  approxi- 
mately 30  min  after  the  start  of  the  test.  However,  both  of  these  tests 
were  for  conditions  ..thin  the  comfort  band.  On  the  other  hand,  some 
temperatures  in  Figure  3-1  still  had  not  approached  steady  state  after 
180  min  of  testing*  The  latter  test  was  conducted  under  off-comfort  cold 
conditions*  Therefore,  it  may  be  concluded  that  the  time  required  for 
body  temperatures  to  reach  near  steady-state  values  (time  constant)  varies 
with  the  severity  the  test,  being  shorter  for  conditions  near  thermal 
comfort,  and  longer  for  off-comfort  conditions. 

Fin^'liy,  although  the  mathematical  model  generally  tracked  the  test 
data  .11,  uhere  was  some  dispersion  during  the  Initial  minutes  of  testing. 
This  is  attributed  to  the  difficulty  in  initializing  the  model  to  the  exact 
starting  cct\d.  :ions  that  prevailed  for  each  test  sequence,  and  to  the 
simplified  finite  difference  technique  used  by  the  model,  which  necessitated 
the  relatively  long  time  steps  used  for  each  iteration. 
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SERIES  B 


Series  B was  conducted  in  a vacuum  environment  below  10  torr.  All 
subjects  wore  a NASA-*Apollo  AFL  space  suit  over  the  Apollo-LCG.  The  suit 
provided  gas  ventilation,  consisting  of  pure  oxygen,  circulating  at 
170  liters/min.  The  LCG  water  flowrate  was  maintains  I constant  at 
109  liters/hr  and  the  LCG  inlet  water  temperature  was  varied  between 
7 and  25^C.  The  suit  inlet  gas  and  dewpoint  temperatures  were  kept 
relatively  constant,  as  was  the  AFL  suit  pressure,  which  was  maintained 
at  195  torr,  absolute.  These  conditions  were  selected  because  they 
reasonably  duplicated  those  that  were  to  be  provided  by  the  PLSS  during 
lunar  surface  explorations. 

The  chamber  environment  was  kept  near  room  temperature  in  order  to 
minimize  radiative  interchange  with  the  environment. 

The  metabolic  rate  for  each  test  was  controlled  by  varying  the  step- 
rate  on  a Harvard  step  test  until  the  subject's  heart  rate  matched  a point 
on  a predetermined  calibration  curve.  The  metabolic  rate  profile  for  each 
test  is  shown  in  Table  D2  of  Appendix  D. 

Heat  Balance 

T;^ble  3-2  presents  the  calculated  results  and  heat  balance  data  for 
Series  B.  The  raw  test  data  are  shown  in  Table  D2  of  Appendix  D.  Two 
observations  should  be  made  concerning  the  data  of  Series  B which  tend  to 
detract  from  the  accuracy  of  the  heat  balance  calculations. 

First,  it  should  be  noted  that  subject  body  temperatures  were  not 
measured  in  this  test.  Consequently,  total  body  heat  storage  and  heat 
storage  rate  could  not  be  determined*  This  meant  that  the  determination  of 
physiological  steady-state  for  each  test  sequence  could  not  be  ascertained 
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directly.  Instead » suit  outlet  environmental  parameters  were  used  to 
judge  steady-state^  and  this  indirect  method  is  less  accurate. 

Second « the  use  of  heart  rate  versus  metabolic  rate  calibration  curves 
for  each  subject  (see  Figure  C2,  Appendix  C)  has  been  shown  to  be  the  least 
accurate  method  of  controlling  the  real-time  metabolic  rate  to  a desired 
profile  (147).  In  addition,  the  heart  rate  data  Itself  became  erratic 
during  several  sequences  of  the  test  series  and  it  became  necessary  to 
modify  the  pre-planned  metabolic  profile. 

Despite  these  shortcomings,  an  accurate  heat  balance  was  obtained  on 
all  but  5 of  the  sequences  of  Series  B.  The  heat  imbalance  in  these  5 
cases  all  occurred  for  the  coldest  LCG  inlet  water  temperatures,  and  can 
probably  be  attributed  to  the  failure  to  reach  adequate  steady-state 
conditions  or  to  shivering. 

Another  factor  contributing  to  the  inaccuracy  of  the  heat  balance 
was  the  estimate  o'  radiation  heat  loss,  especially  at  the  lower  LCG  inlet 
water  temperatures.  As  was  shown  in  the  results  of  Series  A,  skin  tempera- 
ture decreases  linearly  as  LCG  inlet  water  temperature  decreases.  At 
these  low  skin  temperatures,  radiation  heat  transfer  from  the  environment 
into  the  man-suit  system  is  possible  and  the  magnitude  of  this  mechanism 
can  only  be  estimated.  For  Series  A,  radiation  heat  loss  was  assumed  to 
be  negligible  through  the  Arctic  coverall  garment.  However,  the  heat 
balance  data  and  subsequent  analysis  with  the  mathematical  model  suggested 
an  actual  heat  input  by  radiation.  Consequently,  for  Series  B,  radiation 
heat  transfer  ims  estimated  to  be  30  watts  into  the  suit  at  the  colder  LCG 
inlet  water  temperatures  (7  and  12®C)  and  negligible  for  the  higher  LCG 
inlet  temperatures.  This  estlnate  was  judged  to  be  reasonable  with  respect 
to  the  thermal  properties  of  the  space  suit. 
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It  is  possible  that  other  factors^  such  as  additional  heat  Input  from 
overhead  lamps  used  in  the  chamber,  coupled  to  the  Inherent  difficulty  in 
accurately  assessing  the  thermal  properties  of  a complex,  multi-layered 
garment  such  as  the  Apollo  space  suit,  may  well  have  contributed  to  errors 
in  radiation  heat  loss.  However,  the  absolute  magnitude  of  the  resulting 
error  was  still  small  when  compared  ;o  the  total  heat  production  or  total 
heat  loss  for  most  sequences  of  this  test  series. 

The  calculated  data  of  Table  3-2  point  out  another  interesting  effect 
of  the  LCG.  It  would  be  expected  that  the  ventilating  gas  provided  by  the 
suits  used  in  Series  B would  allow  a significant  amount  of  heat  to  be 
removed  by  convection  heat  transfer,  a heat  loss  mechanism  which  WiS  not 
available  in  Series  A.  However,  from  the  computations  of  convective  heat 
loss  in  Table  3-2  (see  equation  6,  section  2),  it  is  evident  that  heat 
loss  by  convection  is  also  negligible  in  Series  B,  despite  the  presence  of 
a ventilating  gas  with  a significant  flowrate.  The  only  explanation  lor 
this  phenomenon  is  that  the  gas,  with  its  limited  heat  capacity,  is  cooled 
by  the  cooling  tubes  of  the  LCG  by  means  of  countercurrent  heat  exchange. 

In  effect,  the  convective  heat  removal  of  the  ventilating  gas  is  converted 
to  conduction  heat  removal  of  the  LCG.  This  is  evidently  the  case  because 
convection  heat  loss  is  significant  in  a space  suit  without  an  LCG. 

One  final  note  on  the  heat  balance  computations  of  Table  3-2  is  in 
order.  As  mentioned  earlier,  in  the  5 cases  in  which  a heat  balance  could 
not  be  obrained,  the  heat  deficit  could  be  attributed  to  shivering,  failure 
to  reach  steady-state,  or  errors  in  the  prediction  of  radiation  heat 
exchange.  However,  unlike  Series  A,  there  were  no  subjective  comments 
from  the  test  subjects  to  indicate  that  shivering  was  a major  factor* 
Although  this  does  not  preclude  the  possibility  that  shivering  occured,  it 
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tends  to  place  more  enphasla  on  the  other  two  factors  as  the  primary 
contributors  to  the  heat  balance  deficits. 

Despite  the  lack  of  a compl'ite  heat  balance,  the  data  from  Series  B 
are  informative.  It  is  still  possible  to  compare  these  data  with  mathe- 
matical model  predictions.  Furthermore,  In  cases  where  conditions  overlap, 
the  results  can  also  be  compared  with  those  from  Series  A.  This  Is  possible 
because  convection  heat  transfer  Is  negligible  In  both  test  series  and 
also  because  radiative  heat  exchange  Is  about  the  same  order  of  magnitude. 
Examination  of  the  test  data  reveals  that  the  results  from  Series  B show 
the  stune  general  trends  obtained  by  the  mathauatlcal  model,  and  seen  In 
Series  A. 

LCfi  Heat  Removal 

Figure  3-20  shows  the  LCG  heat  removal  rate  as  a function  of  subject 
metabolic  rate  for  LCG  Inlet  water  temperatures  ranging  between  7 to  26°C. 

As  In  Series  A,  the  same  general  trend  of  an  Increase  in  LCG  heat  removal 
for  an  Increase  In  metabolic  rate  as  a constant  Inlet  water  temperature 
was  observed.  Also  as  seen  in  Series  A,  the  cooler  LCG  Inlet  temperature 
curves  are  displaced  upwards  from,  but  have  approximately  the  same  slope 
as  the  warmer  Inlet  temperatures. 

The  predicted  results  for  Series  B are  shown  by  the  solid  lines,  and 
as  In  Series  A,  the  model  predicts  less  LCG  heat  removal  than  was  actually 
observed.  However,  unlike  Series  A,  the  difference  between  predicted  and 
observed  results  Is  not  constant.  At  lower  metabolic  rates,  agreement 
between  predicted  and  actual  results  Is  relatively  good.  However,  at 
higher  metabolic  rates  and  colder  Inlet  temperatures,  the  test  data 
(dark  symbols)  deviate  considerably  from  predicted  results.  This  Is 
especially  noticeable  for  the  7 and  12"C  Inlet  water  temperature  cases. 
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It  is  also  significant  that  for  7^C  inlet  temperatures^  the  data  of 
Series  B demonstrate  greater  LCG  heat  removal  rates  than*  the  corresponding 
data  of  Series  A (open  symbols).  In  Series  A»  the  difference  between 
predicted  and  actual  results  was  approximately  constant,  with  the  slopes 
being  the  same.  This  was  ultimately  attlbuted  to  errors  in  estimates  of 
radiative  interchange,  differences  in  the  predicted  and  actual  LCG  heat 
transfer  coefficients,  and  model  skin  temperature  underpred let ions.  In 
Figure  3-20,  there  is  good  agreement  at  the  lower  metabolic  rates  but 
increased  deviation  in  the  higher  metabolic  rate  range.  Thus,  the  dif- 
ferences in  Series  B cannot  be  associated  simply  with  errors  in  estimation 
of  heat  transfer  coefficient  or  radiative?  exchange. 

It  is  possible,  however,  that  the  discrepancy  may  be  related  to  the 
observation  that  a steady-state  was  not  always  reached  when  cold  inlet 
temperatures  were  imposed  at  high  metabolic  rates.  In  other  words,  the 
test  subject  may  have  been  overcooled  with  depressed  skin  temperatures  and 
suppressed  sweating.  If  the  test  conditions  had  been  longer  in  duration, 
it  is  likely  that  LCG  heat  removal  would  have  decreased  and  st^eating 
Increased . 

Figure  3-21  presents  the  data  of  Figure  3-20  replotted  as  the  per- 
centage heat  removal  of  the  LCG  (LCG  heat  removal /metabolic  rate)  versus 
LCG  inlet  temperature.  This  graph  has  the  effect  of  normalizing  the 
deviations  seen  in  Figure  3-20.  As  in  Series  A,  there  is  a very  sharp 
Increase  in  percentage  LCG  heat  removal  as  the  inlet  temperature  decreases. 
Heat  removal  varied  from  50%  of  metabolic  rate  at  the  highest  inlet  tempera- 
ture to  118%  at  the  coldest.  The  percentage  heat  removal  is  also  observed 
to  be  higher  for  lower  metabolic  rates  at  the  same  inlet  temperature. 
Agreement  between  predicted  and  actual  results  is  generally  good  despite 
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the  differences  that  exist  at  higher  metabolic  rates  and  colder  inlet 
temperatures.  It  is  also  seen  from  Figure  3-21  that  the  data  of  Series  B 
falls  In  the  same  range  and  shows  the  same  trend  as  that  of  Series  A. 
However,  there  appears  to  be  more  heat  removal,  especially  at  the  lower 
inlet  temperatures. 

Although  the  subjects  In  this  test  had  no  control  over  the  LCG  Inlet 
temperature,  they  tended  more  towards  sensations  of  comfort  or  warm,  with 
no  Incidence  of  shivering,  rather  than  the  cool  conditions  of  Series  A. 
This  is  supported  by  the  model  predictions  shown  In  Figure  3-22. 

Although  heat  storage  was  not  measured,  the  values  predicted  by  the 
mathematical  model  for  the  conditions  of  Series  B Indicate  that  most  of 
the  test  points  were  probably  within  or  on  the  warm  side  of  the  comfort 
band. 

As  mentioned  previously,  it  appears  that  If  test  subjects  are  per- 
mitted to  control  the  Inlet  water  temperature  to  maintain  comfort,  heat 
removal  by  the  LCG  (and  also  heat  removal  by  evaporation  of  active  sweat) 
should  fall  within  a fairly  narrow  band  that  forms  the  basis  of  a means 
of  predicting  metabolic  rate  from  LCG  performance.  This  does  not  mean  to 
Imply  that  the  band  would  possess  the  same  characteristics  as  found  In 
Figures  3-20  and  3-21  of  the  present  test  series.  Indeed,  it  should  be 
stressed  that  many  of  the  data  points  In  both  Series  A and  B are  off- 
comfort  points,  and  errors  arising  from  shivering,  uncertainties  over  the 
LCG  heat  transfer  coefficient,  and  determinations  of  metabolic  rates, 
radiation  heat  exchange  and  total  body  heat  balances  will  almost  certainly 
bias  these  results.  This  Is  expeclally  true  for  Series  B,  where  lack  of 
body  temperature  and  heat  storage  data  limit  error  analysis.  However, 
despite  these  shortcomings,  the  trends  demonstrated  thus  far  support  the 
predictions  of  the  mathematical  model. 
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One  final  note  about  Figures  3*-20  and  3*21  concerns  itself  with  the 
difference  observed  in  the  predictions  and  results  of  Series  A and  B at 
low  LCG  inlet  temperatures;  namely,  that  LCG  heat  removal  was  greater  in 
Series  B.  In  conjunction  with  the  analysis  of  the  heat  balance  data  of 
Table  3*2  presented  earlier,  the  higher  LCG  heat  removal  observed  in 
Series  B can  be  explained  by  a failure  to  reach  physiological  steady  state, 
or  greater  than  predicted  radiation  heat  exchange  (owing  to  cool  skin 
temperatures  and  uncertain  space  suit  thermal  properties).  Shivering  is 
also  a possibility  but  is  less  likely  considering  the  shorter  durr.^ion  of 
each  sequence  in  Series  B and  the  scarcity  of  subjective  comments. 

Sweating  and  Evaporation  Heat  Loss 

The  removal  of  heat  by  evaporation  of  active  sweat  Is  shown  In 
Figure  3*23  as  a function  of  metabolic  rate  and  LCG  Inlet  temperature* 

For  Series  B,  heat  loss  by  active  sweating  was  found  by  subtracting 
respiratory  and  skin  diffusion  heat  loss  from  total  evaporative  heat 
loss.  (See  equations  5 and  7,  Appendix  C.)  Total  evaporative  heat  loss 
\4a&  calculated  from  the  gas  flowrate  through  the  Apollo  suit  and  the 
Inlet  and  outlet  dewpoint  temperatures  (see  equation  7,  Section  2). 

The  trends  shown  In  Figure  3*23  are  the  same  as  observed  in  Series  A 
(open  symbols)  and  as  predicted  by  the  mathematical  model.  Sweat  rate 
generally  Increased  In  a linear  fashion  as  metabolic  rate  Increased  at  a 
constant  LCG  Inlet  temperature. 

Agreement  between  the  test  data  and  model  predictions  Is  reasonably 
good.  As  In  Series  A,  the  model  generally  overpredicts  sweat  heat  loss; 
a result  expected  from  the  total  heat  balance  equation  (equation  1)  since 
LCG  heat  loss  is  generally  underpiedlcted . The  deviations  shoim  in 
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Figure  3*20  are  also  present  in  Figure  3*23.  That  Is,  differences  between 
predicted  and  test  results  are  larger  at  higher  metabolic  rates  and  colder 
LC6  Inlet  temperatures.  However,  It  should  be  noted  that  the  differences 
In  Figure  3*21  are  not  as  great  as  those  observed  in  Figure  3-20.  This 
suggests  that  greater-than-predlcted  radiation  heat  leak  Into  the  space 
suit  at  lower  LCG  Inlet  temperatures  Is  a likely  posslblity.  Space  suit 
design  testing  Indicates  that  a significant  percentage  of  the  thermal 
radiation  entering  an  Apollo  A7L  suit  may  be  transferred  to  the  LCG  durl 
the  transient  period  preceding  attainment  of  physiological  steady-state. 

The  LCG  may  remove  a large  quantity  of  heat  in  cooling  down  the  space 
suit  a J surroundings.  This  amount  of  heat  comes  from  the  environment 
rather  than  from  the  man  and  may  bias  the  test  data  higher  than  the  pre- 
dictions. Coupled  to  the  fact  chat  skin  temperature  and  sweating  are 
depressed  at  low  LCG  Inlet  temperatures,  the  Increased  environmental  and 
radiation  leak  would  lead  to  larger  errors  In  predictions  of  LCG  heat 
removal  than  In  predictions  of  evaporative  heat  loss.  However,  radiation 
heat  loss  probably  cannot  explain  all  of  the  differences  ob -served  between 
the  predicted  and  actual  results  of  Figure  3-23,  and  as  mentioned  previously, 
these  errors  undoubtedly  result  from  a combination  of  factors. 

The  results  of  Figure  3-23  show  fairly  good  agreement  with  those  of 
Series  A (open  symbols).  The  trends  are  the  same  and  cha  magnitude  of  the 
sweat  heat-loss  rate  is  similar  for  both  test  series.  It  should  be  empha- 
sized that  in  Series  A,  body  weight  lore  was  used  to  calculate  evaporative 
heat  loss,  while  in  Series  B,  space  suit  inlet  and  outlet  dewpoln*  tempera- 
tures were  utilized  directly,  a more  accurate  method.  In  addition,  it 
was  assumed  that  all  sweat  was  evaporated.  However,  post-test  inspection 
revealed  that  some  moisture  was  retained  in  the  Apollo  space  suit.  This 
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trapped  moisture  could  partially  explain  why  values  of  sweat  and  total 
evaporative  heat  loss  rates  for  Series  B were  lower  than  predicted  by  the 
mathematical  model*  Despite  these  errors,  the  re. .its  of  Series  A and  B 
are  similar,  indicating  that  in  the  v ape  of  Series  A,  weight  loss  is  an 
acceptable  means  of  assessing  swert  rate;  and  also  that  nievaporated 
sweat,  although  a likely  source  of  error,  was  not  appreciably  different 
for  either  test. 

The  data  of  Series  B also  show  the  trend  of  decreased  sweat  rates  as 
the  LCG  inlet  temperature  decreases  for  a given  metabolic  rate.  This  is 
shown  ve’^v  nicely  in  Figure  3-24,  were  agreement  with  predicted  results 
is  excellent.  Furthermore,  the  predicted  onset  of  sweating  is  shown  to 
increase  from  293  to  396  watts  as  inlet  temperature  drops  from  12  to  7^C 
(Figure  3-23} • Both  of  these  results  are  in  agreement  with  previous 
trends  seen  in  Series  A. 

Figure  3-25  presents  the  heat  removal  by  evaporation  of  active  sweat 
as  a percentage  of  metabolic  heat  production  for  various  LCG  inlet  tem- 
peratures. Comparing  this  to  Figure  3-21,  it  is  again  obvious  that  heat 
removal  by  active  sweating  constitutes  a far  smaller  percentage  of  the 
total  heat  removal  than  ' es  LCG  heat  removal.  Maximum  values  of  sweat 
heat  removal  ranged  from  5%  of  the  total  metabolic  heat  production  at 
the  coolest  inlet  temperature  to  35%  of  the  total  at  the  warmest  inlet 
temperature*  These  results  agree  very  well  with  the  model  p^cJictions 
and  also  with  the  data  of  Series  A.  The  test  points  fall  within  a band 
which  increases  as  a function  of  LCG  inlet  temperature.  The  fact  that 
these  data  have  less  scatter  at  tne  warmer  inlet  temperatures  than  the 
data  of  Series  A is  probably  because  metabolic  rates  were  uniformly  low  in 
Series  B under  these  conditions.  In  any  case,  one  of  the  most  significant 
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results  emerging  from  the  study  thus  far  Is  that  the  LCG  limits  sweating 
considerably,  and  In  a predictable  fashion. 

Total  evaporative  heat  loss  rate  is  shoun  as  a function  of  metabolic 
rate  and  LCG  Inlet  temperature  In  Figures  3-26  and  3-27.  As  mentioned 
previously,  total  evaporative  heat  loss  rate  Is  determined  from  the  inlet 
and  outlet  dewpoint  temperatures  and  gas  flowrate  according  to  equation  7 
of  Section  2.  Total  evaporative  heat  loss  represents  the  sum  of  evapora- 
tive heat  loss  by  actl'*e  sweat,  by  diffusion  from  the  skin  surface,  and 
throi^h  the  respiratory  tract.  Heat  loss  by  diffusion  and  respiration 
are  determined  from  the  empirical  expressions  found  in  Appendix  C. 

Figures  3-26  and  3-27  show  that  total  evaporation  heat  loss  is  considerably 
greater  than  heat  loss  by  active  sweating  alone,  but  follows  the  same 
trends.  Heat  removal  rate  varied  from  about  10%  of  metabolic  rate  at  the 
lower  Inlet  temperatures  to  45%  at  the  highest  inlet  temperature.  The 
dependence  upon  LCG  inlet  temp  >rature  is  not  suiprlsltig  since  the  largest 
component  of  total  evaporative  heat  loss  is  due  to  active  sweating 
(diffusion  and  respiration  heat  loss  are  not  appreciably  dependent  upon 
LCG  performance).  The  results  of  Figures  3-26  and  3-27  also  show  good 
agreement  with  the  mathematical  model  predictions,  and  with  the  results 
of  Series  A. 

In  view  of  the  influence  of  active  sweating  upon  total  evaporative 
loss,  the  same  errors  noted  earlier  for  the  active  sweating  relationships 
a--  present  in  Figures  3-26  and  3-27.  These  factors  contribute  to  most 
of  the  deviations  seen  between  the  actual  results  of  Series  B and  the 
predictions  of  the  mathematical  model,  or  with  the  results  of  Series  A. 
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Discussion  of  Errors 


As  noted  previously,  certain  discrepancies  observed  between  the 

results  and  predictions  of  Series  B appear  to  be  dependent  upon  metabolic 

rate  and  inlet  t^perature.  These  discrepancies  were  observed  in  both 

LCG  heat  removal  and  evaporative  heat  loss  (although  more  significant  in 

the  former  due  to  a probable  increase  in  radiation  heat  exchange  at  the 

colder  inlet  tanperatures).  Some  insight  into  the  cause  of  the  differences 

is  derived  from  Figure  3-28a,  where  LCG  and  total  evaporative  heat  loss 

rate  (dark  and  open  symbols)  are  shown  for  different  metabolic  rates  and 

LCG  inlet  temperatures*  A regression  curve  fit  throuf^h  the  data  shows  a 

steep  increase  in  LCG  heat  removal  as  metabolic  rate  is  increased.  The 

curve  is  second  order  and  described  by  the  following  equation:  LCG  heat 

2 

removal  ® 114  - .062  (met.  rate)  + .0013  (met.  rate)  . The  accuracy  of 
the  curve  fit  is  good,  with  a correlation  coefficient  of  0.82.  In 
subsequent  data  reduction,  it  will  be  shown  that  the  curve  fit  can  be 
improved  significantly  if  certain  constraints  are  considered. 

The  LCG  heat  removal  increased  sharply  with  metabolic  rate  because 
colder  inlet  temperatures  were  utilized  as  metabolic  rate  increased.  The 
colder  inlet  temperatures  not  only  had  the  effect  of  increasing  LCG  heat 
removal,  but  also  decreased  skin  temperatures  and  consequently,  reduced 
sweating.  The  reduced  sweat  rate  is  exemplified  by  the  almost  asymptotic 
behavior  of  the  evaporative  heat  removal  curve  (dashed  line).  The  curve 
fit  to  these  data  was  also  second  order  and  described  by  the  equation: 

2 

Evaporative  heat  loss  « -182  + 1.397  (met.  rate)  - .0016  (metabolic  rate)  . 

The  accuracy  of  this  curve  fit  Is  not  as  good  as  that  for  LCG  heat 
removal,  the  correlation  coefficient  being  only  0.39.  The  reasons  for 
this  are  complex  and  will  be  reviewed  in  Section  4 along  with  data 
reduction  t 'chniques  for  Improvement  of  the  correlation. 
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Figure  3»28b  shows  the  difference  between  the  teet  data  of  Series  B 
and  the  mathematical  model  predictions.  Errors  are  shown  as  a percentage 
of  metabolic  heat  production  for  LCG  heat  removal  (dark  symbols)  and 
total  evaporative  heat  loss  (open  sysbols).  Curve  fits  to  the  data  are 
also  shown  (solid  and  dashed  lines).  The  results  show  that  at  high 
metabolic  rates  the  model  underpredicts  LCG  heat  removal  ;>y  as  much  as 
20Z  and  overpredicts  evaporative  heat  loss  by  roughly  15%.  The  largest 
errors  occur  at  the  coldest  inlet  temperatures  and  are  largely  attributable 
to  the  transient  overcooling  effect  discussed  earlier.  All  errors  appear 
to  be  lower  at  the  lower  metabolic  rates  and  increase  slightly  with  heat 
production. 

The  curves  of  Figure  3-28b  suggest  that  these  differences  depend  upon 
both  inlet  temperature  and  metabolic  rate  rather  tlian  one  or  the  other 
exclusively.  A most  reasonable  explanation  for  this  behavior  can  be 
traced  to  the  characterization  of  vasodilatation^  vasoconstriction^  and 
sweating  by  the  mathematical  model.  As  noted  in  Series  A»  differences 
between  actual  and  predicted  skin  temperatures  may  be  caused  by  inaccL*rate 
simulations  of  these  terms  in  the  model.  If  this  were  the  case,  the 
model  could  predict  lover  skin  temperatures  for  the  colder  LCG  inlet 
temperatures  since,  for  example,  decreased  peripheral  blood-flow  would 
restrict  the  transfer  of  heat  to  the  skin  surface.  Furthermore,  elevated 
sweat  rate  predictions  could  be  a consequence  of  oversimulation  of  the 
sx^ating  terms. 

The  differences  seen  in  Figure  3-28b  indicate  that  as  metabolic  rate 
increases,  the  model  is  not  providing  enough  peripheral  blood-flow  to  the 
extremities  when  the  LCG  inlet  temperatures  are  low.  Thus,  the  colder 
LCG  inlet  temperatures  would  appear  to  overly  depress  skin  temperature. 
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This  would  result  in  predictions  having  less  LCG  heat  removal  (due  '.o  a 
lover  driving  force  between  the  skin  temperature  and  LCG  water  temperature). 
The  overpred let Ions  of  active  sweat  and  evaporative  heat  loss  are  less 
severe.  They  may  be  due  In  part»  to  a slightly  higher  rise  in  core  tempera* 
ture  resulting  from  less  peripheral  circulation. 

The  Inadequate  peripheral  circulation  at  lower  Inlet  t^nperatures 
and  higher  metabolic  rates  could  be  a consequence  of  Inaccurate  simulation 
of  the  Interaction  between  vasoconstriction  and  vasodilatation  characterized 
by  the  model.  The  model  depicts  vasoconstriction  and  vasodilatation  as 
being  dependent  upon  various  set*polnt  temperatures  and  gain  constants 
(see  equation  17,  Section  2).  This  Is  probably  an  oversimplification, 
since  these  values  depend  upon  many  complex  parameters  and  vary  even  from 
Individual  to  individual,  a factor  not  taken  Into  account  by  the  model. 

In  light  of  this.  It  Is  easy  to  see  how  variations  in  skin  blood-flow 
could  lead  to  the  types  of  errors  seen  In  Series  B.  For  example,  a low 
gain  constant  for  vasodilatation  could  cause  low  predicted  skin  blood-flow 
at  higher  metabolic  rates  for  all  LCG  Inlet  temperatures,  while  a high 
peripheral  set*polnt  could  cause  low  circulation  at  lower  LCG  inlet 
temperatures  for  all  metabolic  rates.  A combination  of  both  factors  could 
cause  the  largest  errors  to  ocour  at  high  metabo*'lc  rates  and  low  inlet 
temperatures. 

The  task  of  accurately  characterizing  the  physiological  phenomena  of 
sweating,  vasoconstriction,  and  vasodilatation  is  a formidable  one.  Con- 
sidering all  of  the  factors  involved,  the  results  produced  by  the  model 
are  quite  acceptable.  It  should  also  be  emphasized  that  some  of  the 
deviations  seen  In  Series  B were  not  noted  in  Series  A.  For  example, 
differences  between  predicted  and  actual  LCG  and  evaporative  heat  removal 
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In  Series  A were  constant  while  those  In  Series  B were  not.  The  deviations 


In  LCG  heat  removal  at  7*C  and  high  metabolic  rates  were  greater  in 
Series  B than  in  Series  A.  It  is  probable  that  physiological  steady-state 
was  not  attained  for  some  of  the  conditions  of  Series  B.  This  may  have 
result^  from  the  shorter  duration  of  each  test.  In  any  event,  the  model 
predictions  are  steady-state  values,  and  do  not  simulate  well  the  over- 
cooling  effect  which  occurs  In  the  transient.  The  latter  also  emphasizes 
that  inadequacies  in  defining  peripheral  blood-flow  may  be  only  of 
many  possible  sources  of  error.  In  other  words,  the  discrepancies  seen  In 
both  Series  A and  B are  the  result  of  a combination  of  many  factors,  and 
analysis  of  many  additional  tests  would  be  required  for  a complete 
explanation. 

In  concluding  the  consideration  of  Series  B,  a final  observation  is 
in  order.  The  data  of  Figure  3-28a  point  out  another  interesting  factor 
that  has  not  yet  been  considered.  The  results  show  that  there  Is  no 
characteristic  difference  between  the  responses  of  the  2 subjects  tested 
under  the  same  conditions.  Variation  in  the  results  from  the  same  subject 
tested  at  2 nearly  identical  test  conditions  (repeat  points)  is  about 
the  same  as  exists  between  the  2 subjects  at  the  same  approximate  test 
condition.  The  differences  that  do  exist  can  be  ascribed  to  variations 
in  physical  conditioning,  fatigue,  and  test  conditions.  In  other  words, 
the  test  results  appear  to  be  reproducible  with  different  subjects. 

It  should  be  noted,  however,  that  both  test  subjects  were  of  approxi- 
mately the  same  weight  and  build.  It  would  be  more  instructive  to  have 
subjects  who  were  more  anthropomorphical ly  dissimilar.  This  points  out 
another  source  of  error  between  the  model  and  the  test  results.  At 
present,  the  model  utilizes  physiological  data  for  an  "average  man".  This 
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"average  man",  compiled  from  the  data  of  several  sources  (42,  43,  134) 
is  70  kg  in  weight  and  173  cm  in  height.  There  is  no  provision  to  vary 
the  input  characteristics  of  the  model  to  account  for  specific  physical 
characteristics  of  individuals.  Obviously,  differences  between  predicted 
and  actual  results  would  be  expected  for  individuals  whose  physical 
characteristics  differ  markedly  from  the  data  of  the  "average  man"  used 
by  the  mathematical  model.  It  is  intended  that  future  versions  of  the 
model  be  modified  to  accept  a means  of  matching  the  Input  data  more 
closely  to  individual  physical  characteristics  such  as  height,  weight, 
general  body  shape,  body  density,  etc.  Darling  and  coworkers  (38)  have 
had  some  success  in  making  such  modifications  to  an  early  version  of  the 
Stolwljk-Hardy  model  and  additional  work  is  forthcoming. 

SERIES  C 

Series  C was  performed  in  a hypobaric  chamber  at  a reduced  pressure  of 
259  torr.  The  pressure  in  the  A7L  suit  was  also  maintained  at  259  torr. 

Hie  chamber  environment  was  kept  neutral  to  eliminate  radiation  heat  trans- 
fer between  the  subjects  and  the  ambient  environment.  All  subjects  wore 
the  Apollo  A7L  suit  over  the  LCG,  with  a circulating  oxygen  flowrate  of 
331  liters/min. 

The  LCG  water  flowrate  was  varied  between  0-82  liters/hr  while  the 
LCG  inlet  temperature  was  kept  constant.  The  suit  inlet  gas  temperature 
and  dewpoint  were  also  kept  relatively  constant. 

The  metabolic  rate  for  each  test  sequence  was  controlled  by  varying 
the  step  rate  on  a Harvard  step  test  in  accordance  with  a predetermined 
calibration  of  metabolic  rate  versus  step  rate  for  each  subject.  Hie 
metabolic  rate  profile  for  each  test  sequence  is  shown  in  Figures  3-29 
and  3-30. 
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Table  3«-3  presents  the  calculated  results  and  overall  heat  balance 
data  for  Series  C*  The  raw  data  is  shown  in  Table  D3  of  Appendix  D. 

Heat  Balance 

The  data  from  Series  C show  the  effect  of  parametrically  varying  LCG 
water  flowrate  at  a constant  inlet  temperature^  as  contrasted  with  the 
previous  test  series  in  which  the  inlet  temperature  was  varied  and  the 
flowrate  kept  constant.  The  heat  balance  data  (Table  3-3)  Illustrate  that 
for  a constant  metabolic  rate,  LCG  heat  removal  increased  with  flowrate. 
However,  the  effect  was  not  as  dramatic  as  that  of  previous  test  series  in 
which  the  inlet  temperature  was  varied.  In  fact,  the  LCG  heat  removal 
will  subsequently  be  shown  to  approach  asymptotic  limits  as  flowrate 
increases  beyond  55  liters/hr.  The  data  of  Table  3-3  also  show  that  as 
the  LCG  flowrate  Increased  at  a given  metabolic  rate,  evaporative  heat 
removal  by  active  sweating  decreased.  This  is  expected  since  increased 
flowrate  results  in  greater  LCG  heat  removal  which  acts  to  lower  skin 
tonperature,  increase  conductive  heat  loss  and  decrease  active  sweating. 

It  was  observed  that  the  largest  sweat  rates  occurred  with  no  LCG  water 
flow.  In  fact,  there  was  more  sweating  at  a metabolic  rate  of  352  watts 
with  no  LCG  cooling  than  at  a metabolic  rate  of  586  watts  with  an  LCG 
flowrate  of  55  liters/hr  and  a relatively  high  inlet  temperature  of  17®C. 
This  underscores  the  powerful  influence  of  the  LCG  upon  thermoregulatory 
sweating. 

Table  3-3  also  shows  that  convective  heat  removal  through  the  venti- 
lating gas  in  the  suit  was  almost  negligible.  Although  this  trend  was  seen 
in  Series  B,  it  was  not  expected  for  this  test  series.  Convective  heat 
loss  was  predicted  to  be  significant  for  Series  C because  the  ventilating 
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gas  was  circulated  at  nearly  twice  the  flow  of  the  previous  test  series 
(331  liters/min) ; and  also  because  LCG  cooling  was  limited  since  inlet 
water  temperatures  were  relatively  high  at  17  - 19*C.  However,  the  heat 
balance  data  show  negligible  convective  loss.  Including  the  2 cases  where 
there  was  no  LCG  cooling  (zero  mter  flowrate).  This  somewhat  paradoxical 
result  is  explained  by  examining  the  radiation  heat  loss  data. 

It  is  seen  that  environmental  heat  loss  out  of  the  suit  was  signifi- 
cantly larger  than  experienced  in  either  Series  A or  B,  These  large  heat 
loss  values  (up  to  62  wattS/  mean  that  any  heat  that  might  have  been  trans- 
ferred from  the  subject's  skin  to  the  gas  stream  by  convection  was  ulti- 
mately lost  to  the  environment  by  radiation.  The  environmental  heat  loss 
data  for  Series  C were  determined  by  using  the  insulation  properties  of 
the  A7L  space  suit  and  the  eavlronmental  conditions  in  the  hypobaric 
chamber  (22**C  wall  and  air  temperature)  as  input  to  the  mathematical  model. 
The  model  then  predicted  values  for  radiation  heat  loss. 

Although  the  same  procedure  had  been  used  for  the  previous  test  series, 
the  radiation  heat  loss  predictions  for  Series  C were  much  larger.  This 
occurred  because  the  Insulation  properties  of  the  space  suit  require  the 
ambient  pressure  to  be  close  to  a vacuum  in  order  to  be  most  effective. 

For  Series  C,  the  ambient  pressure  was  259  torr,  as  opposed  to  10  torr  as 
In  Series  B.  Consequently,  the  suit  insulation  was  not  as  effective  and 
more  heat  was  conducted  through  the  suit  and  radiated  to  the  chamber  walls. 

This  Interesting  fact  was  discovered  because  initially,  utilization 
of  the  vacuum  properties  of  suit  insulation  resulted  In  negligible  radia- 
tion loss  and  large  errors  between  predictions  and  test  values  of  LCG  heat 
removal  and  evaporative  heat  loss.  Furthermore,  use  of  these  low  radiation 
heat  loss  va'  les  In  the  heat  balance  data  of  Table  3-3  produced  low  values 
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In  the  TOTAL  HEAT  LOSS  row.  This  led  to  large  positive  values  for  the 
HEAT  BALANCE  rov^  which^  in  turn^  resulted  in  excessively  large  heat 
deficit  values. 

It  was  suspected  that  the  large  heat  deficit  results  were  caused  by 
errors  in  the  computed  values  of  heat  storage  rate»  or  by  errors  in  radia- 
tion heat  loss  (since  there  was  no  observable  shivering).  The  former 
computations  were  suspect » due  to  the  slow  response  of  changes  in  skin  and 
ear  canal  temperatures^  coupled  to  the  rather  short  duration  of  each  test 
sequence  (30  min).  However ^ consultation  with  the  manufacturer  of  the 
NASA-A7L  space  suit,  in  conjunction  with  detailed  engineering  analysis  of 
its  thermal  properties,  revealed  a much  larger  than  expected  suit  conduct- 
ance for  environments  at  significant  ambient  pressures  (259  torr).  It  was 
decided  that  the  latter  was  probably  most  responsible  for  the  high  heat 
deficit  values. 

Utilization  of  the  higher  suit  conductance  properties  at  259  torr 
resulted  in  the  large  radiation  heat  loss  values  shown  in  Table  3-3.  Using 
these  data  in  the  heat  balance  increased  the  TOTAL  HEAT  LOSS  row  and  sub- 
stantially reduced  the  HEAT  DEFICIT  row  to  the  values  shown.  The  latter 
quantities  are  more  in  keeping  with  the  corresponding  data  of  other  test 
series.  The  heat  deficits  shown  are  relatively  small  and  are  largely 
attributable  to  errors  in  heat  storage  rate  determinations  (for  positive 
heat  deficits),  small,  unavoidable  variabilities  in  radiation  heat  loss 
estimates  (for  negative  heat  deficits),  or  s'fmply  errors  in  the  data  for 
LCG,  convective,  or  evaporative  heat  loss. 

Transient  Results 

The  results  for  the  transient  response  of  mean  skin  and  tympanic  tem- 
peratures and  total  body  storage  are  shown  for  Series  C in  Figures  3-31 
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and  3**32.  The  response  of  the  individual  skin  temperatures  are  shown  in 
Figures  D1  through  D4  in  Appendix  D.  These  results  revealed  only  slight 
variation  in  head  core  temperature  but  considerable  change  in  individual 
and  mean  skin  temperature*  The  maximum  values  of  mean  skin  temperature, 
head  core  temperature  and  body  heat  storage  occurred  at  or  near  the  test 
sequences  in  which  there  was  no  water  flow  and  consequently  no  LCG  cooling, 
while  the  minimum  values  of  mean  skin  temperature  occurred  during  the 
sequences  in  which  water  flow  was  a maximal  82  liters/hr* 

Tn  general,  the  mathematical  model  predictions  track  the  transient 
data  very  well.  For  predictions  of  individual  skin  temperatures,  the 
results  are  not  quite  as  good  (see  Figures  Cl  - D4,  Appendix  D).  Here, 
the  model  shows  a definite  tendency  to  underpredict  the  trunk  skin  tempera- 
ture (dotted  line).  These  predictions  were  as  much  as  3®C  lower  than  any 
of  the  abdomen,  back  or  chest  skin  temperature  test  data  that  are  equiva- 
lent to  the  model’s  trunk  skin  prediction*  Incidentally,  the  occasionally 
wide  differences  between  the  test  values  of  abdomen,  back  and  chest  tem- 
perature noted  in  several  of  the  test  sequences  further  illustrate  the  need 
to  divide  the  model  into  more  segments  in  the  trunk  i^egion  if  greater 
accuracy  is  to  be  achieved*  The  model  (dotted  line)  also  shows  a tendency 
to  overpredict  leg  skin  temperature  (when  compared  to  the  test  data  for 
calf  or  thigh  temperature)*  Again,  significant  differences  between  the 
test  values  of  calf  and  thigh  temperatures  point  out  the  shortcoming  of 
approximating  the  entire  leg  region  in  the  model  with  one  segment. 

The  r odel  inaccuracies  described  in  the  previous  paragraph  follow 
identical  observations  that  were  made  for  model  predictxons  of  Series  A 
(Figures  3-1  to  3-4).  These  inaccuracies  and  their  correction  are  the 
subject  of  a subsequent  discussion*  Also  in  keeping  with  previous 
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observations  during  Series  A»  the  forehead  and  hand  skin  temperatures 
were  observed  to  be  the  wannest » while  the  abdomen  and  thigh  temperatures 
were  the  coldest. 

One  final  note  about  the  model  predictions  and  test  data  concerns 
itself  with  the  relative  frequency  of  ch;»npe8.  Examination  of  the  tran- 
sient behavior  of  the  ear  canal  and  mean  skin  temperature  and  heat  storage 
data  shows  much  faster  response  by  the  model  predictions  than  by  the  test 
data.  This  is  especially  observable  over  the  7-hi  period  comprising  the 
first  8 test  sequences  (Fig  ire  J-31),  where  gradient  changes  are  much  more 
pronounced  for  the  model  thcxn  for  the  test  data.  The  conclusion  to  be 
drawn  here  is  that  this  fault  probably  lies  with  the  lag  time  associated 
with  the  skin  and  t3mipanic  thermocouples  utilized  for  this  test.  The 
difficulty  of  properly  insulating  and  placing  a skin  thermocouple,  plus 
the  tendency  for  tympanic  thermocouples  to  work  loose  all  contribute  to 
a slow  response  time.  This  is  especially  likely  in  view  of  the  rapid 
progression  of  test  sequences  that  occurred  (30  min  per  sequence).  It  is 
this  slow  response  time  that  makes  the  computation  of  heat  storage  rate 
from  the  test  data  values  of  ear  and  skin  temperatures  susceptible  to 
error  over  the  relatively  brief  duration  of  each  test  sequence. 

LOG  Heat  Removal 

Figures  3-33  and  3-34  shov;  LCG  performance  as  a function  of  metabolic 
rate  and  water  flowrate.  For  Series  C,  LCG  heat  removal  was  controlled 
by  varying  the  water  flowrate  with  a constant  inlet  water  temperature 
(17  - 19®C),  rather  than  the  reverse  procedure  used  in  all  other  test 
series.  This  was  done  to  determine  if  any  substantial  differences  existed 
between  the  two  methods.  The  subjects  had  no  control  over  the  selected 
water  flovrrate.  In  effect,  each  subject  worked  at  a constant  metabolic 
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rate  for  30  min  with  a given  flowrate*  These  conditions  were  then 
repeated  for  3 other  flowrates  ranging  between  0 to  82  liters/hr.  Subjects 
were  generally  either  warm  or  near  comfort. 

This  observation  was  verified  by  using  the  heat  storage  data  and  the 
previously  developed  comfort  zone  to  assess  thermal  comfort  (Figure  3-35)* 
Figure  3-35  also  indicates  that  for  each  metabolic  rate,  a unique  range  of 
LCG  flowrates  would  be  required  to  maintain  heat  storage  and  thermal  comfort 
within  acceptable  limits*  However,  it  is  difficult  to  evaluate  this 
relationship  fully  since  the  test  data  were  frequently  changing  at  the 
conclusion  of  some  of  the  30-mln  test  sequences.  Final  heat  storage  rates 
in  several  cases  were  still  significant.  Indicating  the  likelihood  that 
total  body  heat  storage  would  have  increased  further  had  each  sequence 
been  longer  in  duration* 

Figure  3-33  showf  the  expected  trend  of  increased  LCG  heat  removal 
with  increases  in  metabolic  rate  for  a given  water  flowrate.  However,  as 
contrasted  with  the  corresponding  curves  for  Series  A and  h,  the  data 
appear  to  be  approaching  a limit  at  the  higher  metabolic  rates.  Thus, 
this  method  of  heat  removal  may  not  be  as  efficient  as  that  of  temperature 
control.  It  is  ncted  that  the  higher  water  flowrate  curves  are  displaced 
upward  from  the  lower  flowrate  curves  in  a manner  similar  to  that  for  the 
colder  inlet  water  temperature  curves  of  Figures  3-5  and  3-20.  However, 
it  is  also  observed  that  the  heat  removal  (both  predicted  and  actual)  for 
the  hlghejt  metabolic  rate  of  586  watts  is  not  substantially  greater  at 
a flowrate  of  82  llters/hr  than  it  was  at  55  llters/hr.  This  implies  that 
for  constant  inlet  water  temperatures  of  17  - 19®C,  no  appreciable  benefit 
from  LCG  cooling  is  derived  from  flowrates  greater  than  55  liters/hr.  This 
is  clearer  from  Figure  3-34,  which  shows  the  percentage  of  metabolic  heat 
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removed  by  the  LCG  as  a function  of  water  flowrate.  Here,  It  is  observed 
that  at  the  2 higher  metabolic  rates,  LCG  performance  begins  to  approach 
a limit  somewhat  below  60%  of  total  heat  removal  for  flowrates  bevond 
55  liter s/hr. 

The  method  could  be  Improved  significantly  by  using  inlet  temperatures 
lower  than  the  17  - 19®C  utilized  for  this  test.  The  effectiveness  of  LCG 
heat  removal  at  these  relatively  high  Inlet  temperatures  Is  reduced  below 
that  of  Series  A or  B,  especially  at  tlie  higher  metabolic  rates.  The 
maximum  LCG  heat  removal  amounted  to  less  than  607i  of  m^  cabolic  heat  pro- 
duction, as  contrasted  with  values  of  up  to  120%  noted  In  the  corresponding 
data  from  Series  A and  B (see  Figures  3-7  and  3-21).  The  reason  for  the 
decreased  effectiveness  can  be  traced  to  the  flow  dependence  of  the  LCG 
heat  transfer  coefficient  (Figure  3-36).  The  heat  transfer  coefficient  for 
constant  flow,  variable  Inlet  temperature  con  rol  was  shown  to  be  constant 
at  23  watts/®C  for  Inlet  temperatures  up  to  17®C  (See  Figure  3-6).  However, 
^or  the  lower  flowrates  and  constant  inlet  temperatures  of  Series  C, 

Figure  3-36  shows  a reduced  heat  transfer  coefficient  which  asymptotically 
approaches  the  constant  flow,  variable  inlet  temperature  value  as  the 
flowrate  approaches  109  liters/hr.  In  other  words,  the  LCG  does  not  remove 
:iio  body  heat  as  effectively  for  the  variable  flow  case  as  it  did  for  the 
variable  inlet  temperature  case. 

The  predlctlonr*  of  the  mathematical  model  are  shown  as  solid  lines 
in  Figures  3-33  and  3-34,  and  agreement  with  the  actual  data  is  very  good. 

In  Figure  3-34,  the  predictions  fall  within  a fairly  narrow  band  for 
flowrates  between  27  to  32  liters/hr  at  metabolic  rates  from  352  to 
586  watts.  This  suggests  the  possibility  of  using  such  carves  to  predict 
metabolic  rate,  given  LCG  heat  removal  and  flowrate.  However,  a useful 
relationship  would  require  substantially  more  data. 
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Sweating  and  Evaporation  Heat  Loss 

The  removal  of  heat  by  evaporation  of  active  sweat  is  shown  as  a 
function  of  metabolic  rate  and  LCG  water  flowrate  in  Figures  3-37  and  3-38, 
As  in  Series  B,  this  is  determined  from  the  suit  ventilation  flowrate  and 
inlet  and  outlet  dei^oint  data  (equation  7,  Section  2).  Sweat  rate  is  then 
found  by  deducting  empirical  expressions  for  respiratory  evaporative  and 
skin  diffusion  heat  loss  (equations  5 and  ^ Appendix  C)  from  total  evapor- 
ative heat  loss. 

The  trends  shown  ‘n  Figure  3-37  Illustrate  the  Inverse  relationship 
that  exists  between  LCG  beat  removal  and  active  sweat  rate.  The  highest 
sweat  rates  occurred  for  the  zero  water  flow  tests  in  which  there  was  no 
LCG  cooling.  The  next  highest  sweat  rates  occurred  for  the  minimum  water 
flow  case  of  27  llters/hr.  The  lowest  sweat  rates  wete  observed  for 
flowrates  of  55  and  82  lit^rs/hr,  with  very  little  difference  between  the 
twc.  The  latter  finding  supports  the  contention  that  for  inlet  water 
temperatures  of  17-19®C,  only  minimal  benefit  is  derived  from  LCG  flowrates 
greater  than  55  lite*  s/hr. 

The  usefulness  of  the  LCG  in  reducing  sweating  is  also  apparent  irom 
Figure  3-37.  The  sweat  heat  removal  rates  shown  for  the  no-cooling,  zero 
water  flow  sequences  are  far  in  excess  oZ  any  values  that  have  thus  far 
been  observed.  This  may  be  seen  more  easily  in  Figure  3-38,  which  show: 
the  percentage  of  metabolic  heat  removed  by  evaporation  of  sweat  as  a 
function  of  LCG  flowrate.  At  zero  flowrate,  sweat  evaporation  constitutes 
45  to  55.'  of  the  removal  of  total  heat  production.  These  high  values  are 
contrasted  with  sweat  heat  removal  ratios  below  25%  for  all  previous  test 
data  in  which  there  was  sufficient  LCG  cooling. 

The  model  predictions,  sho»^  as  solid  lines  in  Figures  3-37  and  3-38 
also  show  excellent  agreement  with  the  test  data.  The  noticeable  tendency 
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to  overpredict  evaporation  rates  that  vas  observed  in  Series  A and  B 
(Figure  3<-28b)  is  absent  in  this  case.  As  mentioned  previously^  erroneous 
values  of  suit  insulation  properties  initially  predicted  negligible  radia- 
tion los8»  with  consequent  errors  in  predictions  of  sweating  and  evaporation 
heat  loss.  However,  correcting  the  suit  insulation  properties  to  the 
appropriate  values  for  a pressure  environment  greatly  reduced  the  errors 
and  also  improved  the  heat  balance  data  of  Tabic  3-3. 

The  predictions  and  data  of  Figure  3-33  also  show  the  large  effect 
that  even  a small  amount  of  LCG  cooling  can  provide.  The  band  bounded  by 
the  model  predictions  has  a very  steep  negative  gradient  at  the  lower 
flowrates,  demonstrating  a linear  reduction  in  sweating  that  amounts  to 
0.84  - 1*0  watts/liter/hr  of  water  flow  for  flowrates  between  0 and 
27  liters/hr.  However,  as  water  flow  is  increased  beyond  55  liters/hr,  the 
gradient  largely  disappears  and  approaches  zero,  another  reflection  of  the 
fact  that  the  latter  flowrate  appears  to  be  optimum  for  these  test  condi- 
tions. At  the  high  flowrates,  sweat  heat  removal  amounts  to  less  than  25% 
of  metabolic  heat  production. 

Figures  3-39  and  3-40  show  cotal  evaporative  heat  removal.  Including 
respiratory  and  skin  diffusion  heat  loss,  as  a function  of  metabolic  rate 
and  LCG  water  flowrate.  As  previously  discussed,  total  evaporative  heat 
loss  is  determined  directly  from  the  suit  gas  flowrate  and  dewpoint  data. 

All  of  the  trends  observed  on  the  curves  are  similar  to  those  for  evapora- 
tive heat  loss  by  active  sweat  alone,  except  that  they  are  greater  in 
magnitude.  Total  heat  removal  by  evaporation  amounts  to  65  to  70%  of 
metabolic  rate  for  the  no-cooling  test  sequences,  and  exponentially 
decreases  to  25  to  35%  at  the  higher  water  flowrates.  As  in  the  case 
for  sweat  evaporation  alone,  total  evaporative  heat  removal  for  the  no- 

coollng  tests  exceeds  all  previous  corresponding  date  from  Scries  A and  B, 
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but  approaches  the  same  minimum  values  as  LCG  flowrate  increases.  It 
should  be  noted  that  for  the  test  sequences  in  which  there  was  no  LCG 
cooling,  the  remainder  of  the  metabolic  heat  generated  in  the  body  is 
dissipated  primarily  in  the  form  of  radiation  loss  or  Increased  body  heat 
storage. 

Skin  Temperature,  Tympanic  Temperature,  and  Total  Body  Heat  Storage 

The  effects  of  LCG  cooling  upon  thermoregulation,  sweating,  and  com- 
fort are  more  easily  interpreted  when  augmented  by  physiological  data  for 
the  steady-state  responses  of  skin  temperature,  head  core  temperatures  and 
body  heat  storage.  For  Series  C,  these  data  are  presented  in  Figures  3-41 
through  3-47.  In  comparable  cases,  results  agree  favorably  with  the 
equivalent  data  of  Series  A,  although  the  latter  test  utilized  inlet  water 
temperature  as  the  independent  variable,  rather  than  water  flowrate.  Mean 
skin  traperature  was  determined  in  Series  C by  using  the  final  skin  tem- 
peratures at  Che  conclusion  of  each  test  sequence,  multiplying  each  by  its 
appropriate  weighting  factor,  and  combining  these  values  into  an  overall 
mean  skin  t&nperature  (see  equation  2,  Section  2).  Total  body  heat  storage 
was  found  by  combining  skin  temperatures  and  core  temperature  (in  this  case, 
tympanic  temperature)  in  the  manner  described  in  test  series  A and  equa- 
tion 3 of  Section  2. 

Figure  3-41  shows  the  effect  of  water  flowrate  upon  head  core  tem- 
perature and  mean  skin  temperature.  The  data  represent  metabolic  rates 
of  352  to  586  watts.  It  is  observed  that  the  t3mipanic  temperature  remains 
nearly  constant  and  is  independent  of  water  flowrate,  while  the  mean  skin 
temperature  decreases  asymptotically  as  water  flowrate  increases.  The 
independence  of  head  core  temperature  from  water  flowrate  is  comparable 
to  Figure  3-13  of  Series  A,  where  rectal  temperature  was  shown  to  be 
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independent  of  water  inlet  temperature*  These  l ilngs  are  in  keeping 
with  Nielson's  original  studies  shoving  that  deep  body  temperatures  reach 
a plateau  in  the  steady*state  associated  directly  with  the  level  of  meta- 
bolic rate,  despite  the  presence  of  strong  surface  cooling  at  the  skin 
from  the  LCG  (97,  161). 

The  decrease  in  mean  skin  temperature  with  increasing  flowrate  is 
similar  to  the  decrease  observed  with  lower  inlet  temperatures  from 
Series  A (Figure  3-13)*  However,  the  latter  relationship  was  rectilinear, 
whereas  the  Series  C data  exhibit  a more  gradual  decrease  that  asymp- 
totically approaches  a value  slightly  above  30^0.  As  might  be  expected, 
this  asymptote  value  is  the  same  that  is  found  from  Figure  3-13  of  Series  A 
for  the  corresponding  inlet  temperatures  used  in  Series  C (17  - 19®C). 

The  gradually  decreasing  change  in  skin  temperature  with  flowrate  change  as 
opposed  to  the  steeper  rectilinear  effect  with  inlet  temperature  change 
again  reflects  the  more  effective,  precise  control  of  the  latter  method  of 
LCG  cooling. 

From  Figure  3-41,  it  is  also  apparent  that  mean  skin  temperature  is 
controlled  primarily  by  the  LCG,  rather  than  metabolic  rate.  This  is  con- 
cluded from  the  fact  that  the  data  encompass  a wide  range  of  metabolic 
rates  (352  - 586  watts),  yet  seem  to  be  largely  independent  of  the  latter. 
Figure  3-42  shows  some  increase  in  mean  skin  temperature  with  metabolic 
rate  at  constant  flowrates,  but  the  dependence  is  not  strong. 

These  results  are  similar  to  the  findings  of  Series  A,  which  also 
showed  mean  skin  temperature  to  be  controlled  primarily  by  inlet  water 
temperature  rather  than  metabolic  rate.  This  is  reasonable  because 
increased  body  heat  produced  by  metabolism  occurs  internally  at  the  cellu- 
lar level  and  is  dissipated, in  part,  by  convective  heat  transfer  to  the 
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blood-stream  and  the  surrounding  tissues  before  finally  being  transferred 
to  the  skin  surface  for  r^oval*  This  constitutes  a type  of  insulating 
boundary  between  metabolic  heat  production  and  its  ultimate  removal  at  the 
skln«  On  the  other  hand»  the  LCG  imposes  a direct  boundary  condition  at 
the  skin  surface.  Furthermore,  metabolic  heat  generated  internally  requires 
a lag  time  to  reach  the  skin  surface,  whereas  conduction  of  heat  between 
the  LCG  and  the  skin  is  immediate.  The  lag  time  simply  means  that  the 
skin  temperature  data  will  not  reflect  increases  in  metabolic  rate  over 
a short  duration  test  as  rapidly  as  it  will  reflect  changes  in  LCC  flowrate. 

It  is  interesting  to  note  that  the  skin  temperature  predictions  of  the 
mathematical  model  are  in  generally  good  agreement  with  the  test  data.  The 
differences  that  are  present  are  probably  the  result  of  the  slow  response 
time  of  the  skin  temperature  thermocouples  described  previously.  By  con- 
trast,  the  model  results  in  Series  A exhibited  a marked  tendency  to  under- 
predict the  test  data.  This  can  be  attributed  to  several  factors. 

First,  the  underpredictions  of  Series  A were  most  noticeable  at  very 
low  water  inlet  temperatures  of  around  7®C,  where  cold  stress,  vasocon- 
striction effects,  and  associated  model  errors  are  most  likely  to  occur. 
Underpred let ions  at  the  higher  inlet  temperatures  utilized  for  this  test 
series  (17  - 19®C)  were  not  as  significant. 

Secondly,  the  radiation  heat  loss  in  Series  A was  not  as  well  defined 
as  in  Series  C,  and  the  model  has  demonstrated  that  incorrect  estimates  of 
the  latter  can  lead  to  underpredictions  of  skin  temperature. 

Thirdly,  analysis  of  these  and  other  test  data  suggested  that  the 
amount  of  heat  extracted  from  different  regions  of  the  body  by  the  LCG 
was  simulated  incorrectly.  Modifications  made  to  the  model  resulted  in 
improvements  in  skin  temperature  predictions,  and  were  utilized  for  the 
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model  predictions  In  this  end  subsequent  test  series*  They  account » in 
part»  for  the  Improved  accuracy* 

Finally,  the  results  expressed  here  are  after  30  rain  of  testing,  at 
mhich  time  several  test  sequences  shoved  significant  heat  storage  rates, 
indicating  unsteady-^state  conditions*  It  Is  possible  that  had  each 
sequence  been  continued  for  a longer  duration,  as  In  Series  A,  underpre- 
dictions proportional  to  the  degree  of  deviation  from  comfort  may  have 
occurred*  Such  underpredictions  were  observed  for  some  of  the  individual 
skin  temperatures  such  as  the  chest  or  the  back,  but  were  not  reflected 
in  the  mean  skin  temperature  due  to  equivalent  overpredictions  for  the 
temperature  of  the  leg. 

The  data  and  predictions  for  tympanic  (head  core)  temperature  are 
also  shown  in  Figure  3-42  and  agree  very  well*  They  demonstrate  the 
expected  increase  with  metabolic  rate  predicted  by  Nielson  and  also 
observed  in  Series  A*  It  appears  that  as  long  as  a heat  balance  is 
reached,  deep  body  temperatures  rise  primarily  in  response  to  metabolic 
rate  and  are  largely  insensitive  to  the  boundary  conditions  at  the  skin 
surface* 

The  dependence  of  active  sweating  upon  skin  temperature,  core  tempera- 
ture and  heat  storage  is  shown  in  Figures  3-43  through  3-47.  As  in  Series  A, 
test  data  and  model  predictions  demonstrate  an  increase  in  sweat  rate 
directly  proportional  to  all  three  parameters.  Figure  3-43  shows  an  average 
gradient  of  107  g/hr  per  ®C  increase  in  mean  skin  temperature.  This  is  in 
agreement  with  the  results  of  Benziuger  (8),  and  comparable  to  the  results 
from  Series  A for  the  sam^  approximate  inlet  temperatures  (shown  as 
flagged  symbols)* 

As  in  Series  A,  the  data  exhibit  some  dependence  upon  different  LOG 
cooling  rates.  The  highest  flowrate  data  show  the  largest  sweat  rates  for 
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a given  skin  temperature.  This  is  similar  to  Series  A where  the  lowest 
inlet  temperature  data  showed  higher  sweat  rates  at  a given  skin 
temperature « 

This  result  is  explained  by  the  fact  that  as  LCG  cooling  increases 
(either  by  increasing  the  flowrate  or  decreasing  the  inlet  temperature), 
a higher  metabolic  rat>*,  and  consequently,  a higher  core  temperature  is 
required  to  maintain  a constant  skin  temperature.  It  is  the  increase  in 
core  temperature  that  causes  the  higher  sweat  rates  at  increased  LCG 
cooling  rates  for  the  same  skin  temperature.  It  is  also  worth  noting  that 
the  effect  is  much  less  apparent  from  the  flowrate  dependent  data  of 
Series  C (where  data  and  predictions  are  more  closely  bunched  for  the 
different  flowrates)  than  the  inlet  temperature  dependent  data  of  Series  A 
(Figure  3-15).  This  is  another  manifestation  of  the  greater  sensitivity 
to  LCG  cooling  by  temperature  control  as  compared  to  flowrate  control. 

One  final  observation  about  Figure  3-43  is  that  the  model  predictions 
are  in  better  agreement  with  the  test  data  than  for  the  corresponding 
results  of  Series  A.  This  can  be  traced  to  the  improved  predictions  in 
individual  skin  temperatures  for  Series  C that  were  previously  discussed. 

Figure  3-44  shows  the  increase  in  active  sweat  rate  in  proportion  to 
increased  deep  body  (tympanic)  temperature.  The  average  gradient  of  the 
predictions  and  data  is  350  g/hr  sweat  rate  per  ®C  increase  in  tympanic 
temperature.  Therefore,  the  influence  of  tympanic  temperature  upon 
sweating  is  over  3 times  as  great  as  that  of  mean  skin  temperature.  This 
is  in  keeping  with  the  results  of  Benzinger  (8),  Stolwijk  and  Hardy 
(133-139) , and  Wyss  (172).  The  more  powerful,  coarse  control  of  sweat  rate 
effected  by  deep  body  temperature  as  opposed  to  the  less  influential,  fine 
control  by  skin  temperature  was  also  observed  and  discussed  in  Series  A. 
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The  reaults  of  Figure  3-44  also  exhibit  some  dependence  of  active  sweat 
rate  upon  LCG  cooling » with  the  lowest  flowrates  showing  the  highest  sweat 
rates  at  a given  tympanic  temperature  and  the  highest  flowrate  shewing  the 
lowest  sweat  rates.  However , the  correlation  is  less  than  that  of  the 
previous  figure.  This  is  because  low  flowrates  (or  high  inlet  tempera- 
tures) result  in  higher  skin  temperatures  for  the  same  core  temperature , 
and  therefore^  higher  sweat  rates.  However,  this  has  a lesser  influence 
on  sweat  rate  than  does  elevated  core  teaperatures  at  the  same  skin 
temperature. 

The  predictions  of  the  mathematical  model  demonstrate  somewhat  lower 
sweat  rates  than  the  test  data  of  Figure  3-44  for  the  same  t3rmpanic  tem- 
perature. However,  this  may  be  the  result  of  inaccuracies  in  the  ear 
probe  sensor  used  in  this  test.  The  model  predictions  are  for  head  core 
temperature,  which  under  ideal  conditions,  should  be  nearly  identical  to 
deep  body  or  rectal  temperature  (89,  90).  However,  t3rmpanic  thermocouples 
have  a tendency  to  lag  actual  head  core  temperature  by  as  much  as  0.5^C, 
especially  if  they  are  not  fitted  painstakingly,  or  if  they  work  partially 
loose.  Consequently,  the  tympanic  temperature  results  are  often  low, 
which  would  explain  the  discrepancy  between  predictions  and  data.  If  the 
test  data  was  displaced  to  the  right  by  about  O.S^C,  it  would  fall  almost 
directly  on  the  predictions. 

Thermocouple  inaccuracy  is  also  suspect  because  the  data  of  Series  A 
showed  equivalent  sweat  rates  at  higher  rectal  temperatures  (Figure  3-16). 
Although  rectal  temperature  was  not  measured  in  Series  C,  it  should  not 
differ  greatly  from  head  core  temperature,  and  the  results  of  Series  A 
show  closer  agreement  with  the  model  predictions  of  Figure  3-44  than  the 

Series  C test  data. 
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Finally,  results  from  Benzlnger's  temperature  regulation  studies  (8) 
are  superposed  on  Figure  3-44  (as  a dashed  line)  and  show  closer  agreement 
to  the  model  predictions  for  no  LCG  cooling  than  the  Series  C test  data. 
The  no-coollng  case  Is  used  for  comparison  because  Benzlnger's  results 
were  derived  for  a nearly  constant  skin  temperature  without  an  LCC. 

Of  course,  another  possibility  exists  that  the  errors  described  above 
are  associated  with  the  short  duration  of  each  test  sequence,  combined 
with  frequent  unsteady-state  conditions.  Such  transients  are  often  diffi- 
cult to  correlate  and  prone  to  error. 

The  preceding  results  are  presented  in  another  light  by  Figures  3-45 
and  3-46,  which  show  sweat  rate  as  a function  of  the  change  in  skin  tem- 
perature and  or  tympanic  temperature  as  measured  over  the  duration  of  each 
test  sequence,  rather  than  the  absolute  value  at  the  endpoint.  All  of  the 
same  trends  observed  in  the  preceding  figures  are  apparent.  Furthermore, 
It  Is  seen  that  to  produce  the  same  sweat  rate,  a change  In  mean  skin 
temperature  approximately  5 to  10  times  as  large  as  that  of  tympanic  tem- 
perature is  required. 

Agreement  between  the  test  data  and  model  predictions  is  again  quite 
good,  demonstrating  the  ability  of  the  model  to  simulate  the  changes  in 
body  temperature  and  their  effects  upon  sweating.  The  results  also  show 
that  mean  skin  temperature  decreased  over  the  duration  ot  every  test 
sequence  with  the  exception  of  the  no-cooling  case.  Conversely,  tympanic 
temperature  always  Increased.  This  trend  was  also  observed  for  Series  A, 
and  is  a consequence  of  the  powerful  skin  cooling  effect  of  the  LCG,  and 
the  relative  Independence  of  core  temperature  from  LCG  cooling,  as  dis- 
cussed earlier.  The  other  implication  of  the  observation  is  that  the  LCG 
must  have  lowered  the  skin  temperature  below  the  peripheral  thermostatic 
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set-point  for  local  sweatlnuc*  This  would  have  the  effect  of  inhibiting 
sweating  by  limiting  its  response  only  to  changes  in  core  temperature  or 
rates  of  change  of  core  and  skin  temperature.  The  response  to  levels  of 
skin  temperature  above  the  xocal  set-point  would  be  nonexistent. 

The  combined  effect  of  both  tympanic  and  mean  skin  temperature  is 
Illustrated  in  Figure  3-47,  which  presents  sweat  rate  as  a function  of 
total  body  heat  storage.  In  the  determination  of  total  body  heat  storage, 
increases  in  skin  temperature  are  less  significant  than  increases  in  core 
temperature.  Therefore,  since  It  was  shown  earlier  that  the  relationship 
between  the  core  temperature  and  sweat  rate  is  not  greatly  affected  by  LCG 
cooling,  it  is  not  surprising  that  Figure  3-47  exhibits  minimal  dependence 
on  LCG  cooling.  The  model  predictions  are  bunched  closely  together  for 
the  different  LCG  flowrates,  and  agree  well  with  the  test  data.  There  was 
somewhat  more  dependence  shown  by  the  equivalent  figure  for  Series  A 
(Figure  3-18),  primarily  because  skin  temperatures  were  depressed  to  a 
greater  extent  as  a result  of  the  low  inlet  temperatures  used  (7®C). 

The  good  agreement  of  test  data  and  model  predictions,  coupled  to  the 
minimal  effect  of  LCG  flowrate,  combine  to  make  Figure  3-47  a good  method 
of  assessing  sweat  rate  as  a function  of  thermal  stress.  If  the  amount  of 
heat  stored  by  the  body  under  certain  environmental  and  metabolic  condi- 
tions can  be  determined,  and  related  to  thermal  comfort,  it  can  then  be 
associated  with  a given  sweat  rate. 

This  can  be  demonstrated  by  using  the  results  of  Figure  3-35,  which 
show  body  heat  storage  as  a function  of  metabolic  rate  for  various  LCG 
flowrates.  It  is  seen  that  for  the  same  metabolic  rate,  body  heat  storage 
increases  as  LCG  flowrate  decreases.  This  is  the  same  trend  that  was 
observed  in  Series  A for  increasing  inlet  temperatures  (Figure  3-19).  It 

is  caused  by  reduced  LCG  cooling,  culminating  in  elevated  body  temperatures. 
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In  Figure  3-35,  the  test  data  and  model  predictions  are  In  reasonable 
agreement,  with  the  exception  of  the  no-cool Ing  case  where  the  model  pre- 
dictions are  consistently  higher.  These  deviations  are  probably  caused 
by  unsteady-state  test  conditions.  Positive  heat  storage  rates  at  the 
conclusion  of  the  no-cool Ing  test  sequences  Indicate  that  the  heat  storage 
values  were  still  rising  and  would  have  approached  the  model  predictions 
If  time  had  been  extended. 

Figure  3-35  serves  to  point  out  the  utility  of  the  model  in  predicting 
body  heat  storage  in  response  to  metabolic  work  loads  and  LCG  performance. 
The  increased  heat  storage  values  from  Figure  3-35  that  result  at  lower 
flowrates  can  be  combined  with  Figure  3-47  to  show  the  strong  influence 
that  heat  storage  exerts  upon  sweat  rate.  For  example,  from  Figure  3-35, 
at  a metabolic  rate  of  469  watts,  reducing  the  LCG  flow  from  82  to  27  to 
0 llters/hr  resulted  in  an  increase  in  body  heat  storage  of  30  to  58  to 
72  watt/hr.  Utilizing  these  values  in  Figure  3-47  shows  that  this  caused 
active  sweating  to  Increase  steeply  from  163  to  235  to  410  g/hr. 

It  should  be  noted  that  total  heat  storage  and  sweat  rates  for  the 
conditions  of  no  LCG  cooling  were  considerably  larger  than  any  other 
corresponding  data  from  this  or  the  preceding  test  series.  The  high  sweat 
rates  experienced  at  both  the  27  liters/hr  and  no-flow  LCG  cases  are  both 
well  above  the  comfort  levels  of  100  g/hr  specified  by  Webb.  In  support 
of  this,  the  test  subject  complained  of  feeling  sticky  and  uncomfortably 
warm  at  the  conclusion  of  these  test  sequences.  On  the  other  hand,  the 
sweat  rates  observed  for  LCG  flowt  in  excess  of  55  liters/hr  were  markedly 
reduced  and  associated  with  subjective  feelings  of  comfort. 

The  latter  findings  can  also  be  used  to  illustrate  the  application 
of  the  heat  storage  based  comfort  band.  The  band  is  shown  as  the  cross- 
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hatched  zone  In  Figure  3-35«  It  is  observed  that  the  heat  storage  data 
for  the  higher  LOG  flowrates  are  within  or  quite  close  to  the  comfort 
band.  However^  as  flowrate  decreases,  the  data  show  values  above  the 
comfort  band  in  the  uncomfortably  warm  or  hot  region.  With  increasing 
deviation  from  the  band,  the  mathematical  model  predicts  rising  sweat 
rates  well  above  100  g/hr  (Figure  3-47).  These  predictions  are  verified 
since  test  subjects  did  sweat  at  higher  rates  and  felt  uncomfortably 
warm. 

It  is  also  observed  that  the  comfort  band  can  be  used  to  forecast 
the  degree  of  LCG  cooling  required  to  maintain  comfort.  For  example,  at 
the  lower  metabolic  rates,  low  flowrates  of  27  liters/hr  are  acceptable. 
However,  as  metabolic  rate  increases  beyond  420  watts,  higher  flowrates 
are  required  to  stay  within  the  comfort  band.  This  relationship  will  Le 
examined  in  more  detail  subsequently,  in  Series  D. 

SEKIES  D 

Series  D was  conducted  in  a vacuum  environment  with  all  critical  life 
support  system  functions  being  controlled  by  the  PLSS.  The  ambient  pres- 
sure was  below  10  torr  but  subjects  wore  the  A7L  suit,  which  was  pressurized 
to  195  torr.  The  oxygen  ventilation  system  was  regulated  by  the  PLSS  to  a 
circulating  flow  of  170  llters/hr,  while  the  LCG  water  flowrate  was  regu- 
lated to  about  109  llters/hr. 

The  LCG  inlet  water  temperature  was  selected  in  accordance  with  sub- 
jective comfort.  This  was  accomplished  by  the  subject  turning  the  PLSS 
LCG  water  diverter  valve  to  1 of  3 positions  - Min,  Intermediate,  or  Max 
cooling. 

For  Series  D,  the  hypobarlc  chamber  environment  was  varied  in  a 
parametric  fashion  from  very  hot  (137  watts  into  the  A7L  suit)  to  very 
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cold  (72  vatts  out  of  the  suit)*  The  metabolic  profile  wlq  designed  to 
simulate  the  actual  workloads  required  for  the  various  tasks  and  experl* 
ments  to  be  performed  on  the  lunar  surface  and  was  controlled  by  varying 
the  subject's  step  rate  on  a Harvard  Step* 

Table  3*4  pre^^r^nts  the  calculated  results  and  heat  balance  data  for 
Series  D*  (The  raw  test  data  are  shown  In  Table  D4  of  Appendix  D).  The 
data  of  Table  3*4  are  presented  In  terms  of  total,  rather  than  steady*state 
or  average  rate  values,  since  t\e  most  accurate  heat  balance  analysis 
utilized  po8t*test  determinations  of  such  total  values  as  metabolic  heat 
production  from  total  oxygen  consumption  and  caruon  dioxide  production, 
and  evaporative  heat  loss  from  total  water  collected*  Coincidentally,  the 
Instantaneous  values  of  metabolic  rate  and  total  evaporative  heat  loss  rate 
Integrated  over  time  agree  favorably  with  the  total  values  measured  in  the 
po6t*test  analysis*  Therefore,  any  conclusions  drawn  from  the  overall  heat 
balance  are,  in  most  Instances,  equally  applicable  at  any  given  time  during 
each  test* 

Heat  Balance 

As  was  the  case  for  Series  A,  B,  . nd  C,  the  largest  portion  of  the 
heat  removal  was  through  the  LCG,  as  shown  by  the  LCG  HEAT  REMOVAL  row  of 
Table  3*4*  In  this  case,  however,  the  LCG  heat  removal  was  controlled 
according  to  subjective  comfort  rather  than  Imposed  upon  the  test  subject* 
As  In  previous  test  series,  convective  heat  removal  was  negligible,  a 
tendency  consistent  with  the  use  of  an  LCG  as  the  primary  mechanism  of 
heat  transfer*  Also  from  Table  3-4,  it  Is  seen  that  evaporative  heat  .loss 
Is  significant,  although  considerably  less  than  LCG  heat  removal • 

The  single  most  distinguishing  characteristic  of  Series  D is  the 
magnitude  of  the  net  heat  exchange  between  the  subject  and  the  ambient 
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environment.  Vlhereas  in  previous  test  series,  radiation  heat  exchange  was 
relatively  small,  the  data  of  this  test  demonstrated  average  values  between 
72  watts  out  of  the  suit  to  137  watts  into  the  tt.  In  fact,  In  most 
cases,  the  net  environmental  heat  exchange  was  In  the  same  order  of,  and 
often  exceeded,  the  total  evaporative  *'‘>a**  removal  for  the  duration  of 
each  test. 

The  HEAT  BALANCE  row  of  Table  3-4  shows  the  difference  between  heat 
production  and  heat  loss  for  the  duration  of  each  test.  In  all  cases  but 
Test  2 (which  had  a cold  environment)  the  difference  was  pjsitlve.  Indi- 
cating the  likelihood  that  some  heat  was  stored  by  the  test  subject.  The 
actual  body  heat  storage,  as  determined  by  sKln  and  tympanic  temperature 
measurement.  Is  shown  in  the  next  row.  This  shows  that  heat  storage  was 
actually  negative  for  3 of  the  7 tests.  However,  it  should  be  kept  in  mind 
that  the  values  are  quite  small,  especially  considering  the  extended  dura- 
tion of  each  test. 

Some  Insight  into  the  difference  between  the  heat  b^lctnce  and  the 
body  heat  storage  values  may  be  gained  by  exoiuining  the  numerical  differ- 
ence between  the  two,  shown  in  thr  HEAT  DEFICIT  row.  As  in  previous  tests, 
the  heat  deficit  represents  errors  in  the  estimations  of  heat  production, 
heat  loss  or  heat  storage,  or  more  simply  stated,  unexplained  heat.  In 
this  case,  all  values  are  very  small  or  positive.  It  can  be  stated  with 
some  confidence  that  the  largest  source  of  the  heat  deficit  comes  from 
slight  underest Imat ions  of  the  total  heat  removal. 

Specifically,  the  method  of  determining  total  evaporative  heat  loss 
is  subject  to  some  small  error.  Table  D4  shows  the  total  subject  weight 
loss  and  the  e.aporated  water  collected  over  the  duration  of  each  test. 
These  data  show  that  in  every  case,  the  former  exceeded  the  latter.  It 
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vas  assumed  that  the  difference  between  ^he  two  was  unevaporated  water 
thrt  would  not  enter  into  the  heat  balance  (runoff  sweat).  However,  It  is 
likely  that  some  amount  of  this  runoff  was  actually  evaporated  and  then 
recondensed  Inside  the  suit  and  never  collected.  Therefore,  this  would 
lead  to  underest imat ions  of  total  evaporative  heat  removal,  and  thus  total 
heat  removal.  This  would  then  explain  th:.  positive  heat  deficit  values 
for  Series  D.  Conversely,  the  determination  of  evaporative  heat  loss  from 
weight  loss  alone  was  a significant  source  of  error  In  Series  A which 
resulted  in  negative  heat  deficit  values. 

The  datr  of  Table  Indicate  that  the  overall  heat  balances  for 
Series  D were  quite  accurate.  The  heat  deficit  values  are  all  small 
considering  the  duration  ot  the  tests  (from  3.2  to  7.0  hr).  In  fact,  the 
largest  error  recorded  was  a*  average  rate  of  36  watts  for  Test  3.  The 
total  body  heat  storage  for  test  subjects  was  also  small  and  showed  no 
particular  trend.  This  is  probably  the  result  of  LCG  inlet  temperature 
selection  by  the  subject  in  response  to  his  comfort. 

Transient  Results 

Typical  results  for  the  transient  response  of  head  coic  (tympanic) 
and  mean  skin  temperature  are  shown  in  Figures  3-55  to  3-61  (dashed  lines). 
The  mean  skin  temperatures  shown  represent  T?eighted  average  of  all  of  the 
skin  temperatures  recorded  for  each  particular  test  (see  equation  2, 

Section  2).  These  individual  skin  teraperacures  are  shown  in  Appendix  D in 
Figures  D5-D11.  The  total  body  heat  storage  cal^'tilated  from  the  core  and 
skin  temperatures  (see  equation  3,  Section  2)  is  also  shown  at  the  bottom 
of  Figures  3-55  to  3-61. 

From  these  data,  it  can  be  seen  that  mean  skin  temperature  decreased 
significantly  in  each  case  from  the  beginning  of  each  test,  while  head 
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core  temperature  shoved  far  less  change.  The  results  are  understandable 
In  view  of  the  fact  that  head  core  and  skin  temperatures  are  primarily 
driven  by  " factors:  metabolic  rate  and  LOG  Inlet  temperature.  The 

metabolic  rate  profile  for  each  test  (Figures  3^8  to  3-54)  may  be  over- 
layed  on  the  corresponding  Figures  3-55  to  3-61  to  show  that  ' he  maximum 
head  core  lonperatures  generally  occurred  at  or  near  the  points  of  maximum 
metabolic  rate  for  each  test*  Similarly,  the  minimum  he.id  core  temperatures 
match  up  nicely  with  minimum  metabolic  rates.  In  a similar  fashion.  It  can 
be  shown  that  the  minimum  mean  skin  temperatures  occurred  at  or  near  the 
maximum  metabolic  rates,  and  the  higher  skin  temperatures  occurred  near 
the  lowest  metabolic  rates. 

This  apparently  contradictory  result  can  be  explained  in  terms  of  the 
results  from  Series  A and  C,  which  showed  that  LOG  inlet  temperature  is  a 
more  significant  driver  of  mean  skin  temperature  than  is  metabolic  rate. 
Therefore,  it  Is  also  important  to  examine  the  profile  of  LCG  inlet  tem- 
perature for  Series  D.  This  is  shown  at  the  top  of  Figures  3-62  to  3-68 
for  each  of  che  7 tests  of  Series  D.  The  corresponding  metabolic  rate 
profile  for  each  test  is  shown  by  the  dotted  profile  at  the  bottom  of 
these  figures. 

From  these  data,  it  is  seen  that  the  minimum  LCG  inlet  temperatures 
for  each  test  were  selected  by  the  subject  at  times  generally  corresponding 
to  the  points  of  maximum  metabolic  rate;  and  that  maximum  LCG  inlet  tti*i- 
peratures  were  selected  for  lover  metabolic  rates.  This,  then  is  the 
primary  reason  for  the  occurrence  of  the  inverse  relationship  between 
metabolic  rate  and  mean  skin  temperature  that  was  previously  noted. 

The  behavior  exhibited  by  the  data  of  the  previous  curves  is  easier 
to  understand  when  considered  in  light  of  the  physiological  responses 
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brought  into  play.  As  the  metabolic  profile  shown  for  each  test  was 
implemented,  the  heat  produced  by  the  muscles  of  the  A^rklng  tee»t  sub- 
ject varied  accordingly.  This  heat  was  then  either  core acted  away  from 
the  muscles  towards  the  skin,  or  dissipated  into  the  nearest  available 
blood  supply  nourishing  and  removing  wastes  from  the  muscles. 

The  heat  reaching  the  blood  would  very  quickly  be  distrieuted 
throughout  the  bloodstream  (a  consequence  of  the  fact  that  the  entire 
blood  volume  of  approximately  5 liters  is  circulated  completely  around 
the  body  about  once  a minute  or  faster).  Indeed,  some  of  this  heated 
blood  would  perfuse  the  tympanic  membrane  of  the  ear  and  be  recorded  as 
a spike  in  head  core  temperature.  Some  of  the  same  blood  supply  to  the 
head  would  pass  to  the  hypothalamic  region  of  the  cerebral  cortex  where 
it  could  trigger  a variety  of  thermoregulatory  responses  such  as  sweating, 
vasodilatation,  and  the  perception  of  heat  or  discomfort. 

The  heat  .onducted  across  the  tissues  away  from  the  muscles  would 
ultimately  find  its  way  to  the  thermoreceptors  of  the  skin,  which  in  turn 
would  elicit  thermoregulatory  responses  by  means  of  neural  control.  These 
responses  would  be  similar  to  and  yet  distinct  from  those  of  the  hypo- 
thalamus (central  versus  local  control).  The  perception  of  heat  or 
discomfort  might  then  act  as  a stimulus  to  the  test  subject,  thereby 
causing  him  to  initiate  the  behavioral  response  of  regulating  the  LCG 
inlet  temperature.  This  would  result  in  an  Increase  in  the  heat  removal 
through  the  LCG  and  act  to  return  the  skin  and  hypothaJaroic  temperatures 
back  toward  the  comfort  level,  thus  maintaining  homeostasis. 

The  above  responses  arc  illustrated  by  the  heat  storage  curves  in 
Figures  3-62  to  3-68.  Despite  the  fact  that  conditions  such  as  metabolic 
rate  and  environment  varied  markedly  during  each  test  and  from  test  to  test. 
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the  actual  body  heat  storage  was  controlled  and  limited  to  relatively 
small  positive  and  negative  values  around  zero  throughout  each  test.  In 
other  words,  the  test  subjects  regulated  their  LCG  performance  to  maintain 
comfort,  as  manifested  by  drops  in  skin  temperature  associated  v*ith 
increases  in  head  core  tmperature  at  higher  metabolic  rates;  and  increases 
in  skin  temperature  associated  vr±th  decreases  in  head  core  temperature  at 
lower  metabolic  rates, 

AlthoUi^h  the  test  data  of  Figures  3-62  to  3-68  generally  follow  the 
patterns  described  above,  this  is  not  always  the  case.  Exceptions  result 
from  the  fact  that  there  is  a definite  lag  time  required  (shown  in  Series  A 
to  be  in  the  order  of  0.5  hours)  for  heat  generated  by  the  muscles  to 
reach  the  skin  thermoreceptors  by  conduction. 

Another  explanation  is  that  the  subjects  for  each  test  had  prior 
knowledge  of  the  metabolic  profile  to  be  followed  for  that  particular  test. 
Consequently,  some  preferred  to  regulate  their  LCG  heat  removal  immediately 
before  beginning  a high  work  rate  level  (anticipatory  behavioral  response), 
while  others  waited  until  the  heat  was  actually  generated,  distributed  to 
the  blood  supply  and  skin,  and  finally  perceived  as  heat  before  regulating 
their  LCG  cooling  (behavioral  response  to  heat  storage).  In  some  instances, 
a subject  actually  preferred  to  store  a considerable  amount  of  heat  before 
making  an  LCG  diverter  valve  change. 

These  factors,  coupled  to  the  rapid  transients  in  metabolic  rate  that 
occurred  for  each  test,  make  it  difficult  to  interpret  the  results  accu- 
rately at  given  time  instant  for  any  particular  test.  However,  for 
longer  periods  of  time  during  each  test,  the  time-integrated  values  almost 
always  display  the  trends  described  above. 
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The  predictions  of  the  mathematical  model  are  also  shown  in  the  above 
figures  as  solid  lines  (with  the  exception  of  Tests  6 and  idiere  transient 
predictions  were  not  made  due  to  the  similarity  of  the  testing  conditions 
with  Tests  2 and  4)»  In  general,  predictions  of  head  core  temperature  are 
excellent  with  a slight  tendency  to  underpredict;  predictions  of  mean  skin 
temperature  are  generally  lower  than  the  actual  data,  but  still  very 
accurate;  and  predictions  of  total  body  heat  storage  are  generally  lower 
than  the  data,  the  latter  resulting  from  the  underpredictions  of  core  and 
skin  temperature. 

The  individual  skin  temperature  predictions  are  shown  in  Figures  D5-D11 
in  Appendix  D.  The  chest  and  thigh  temperatures  were  occasionally  under* 
predicted,  but  shoved  no  consistent  trend;  back  temperature  was  often 
significantly  different  from  upper  chest  temperature;  hand,  foot,  and  fore- 
head temperatures  had  the  least  error  and  were  the  warmest  (a  consequence 
of  the  fact  that  they  were  not  cooled  by  the  LCG),  Chest,  thigh  and  back 
temperatures  were  the  coolest.  The  latter  trends  were  also  exhibited  by 
the  data  and  predictions  of  Series  A and  C.  The  underpredictions  of  mean 
skin  temperature  in  Figures  3-55  to  3-61  can  be  traced  primarily  to  under- 
predictions  of  thigh  or  chest  temperature,  a trend  seen  in  previous  test 
series  that  will  be  discussed  in  more  detail  subsequently. 

Due  to  the  rather  transient  nature  of  each  of  the  7 tests,  it  is 
difficult  to  draw  any  conclusions  about  the  accuracy  of  the  predicted 
versus  the  actual  time  lag  between  heat  production  and  heat  loss.  Suffice 
it  to  say  that  the  transient  behavior  of  the  predictions  generally  follows 
the  data,  with  major  changes  in  predicted  body  temperatures  or  heat  storage 
occurring  at  about  the  same  time  as  that  of  the  test  data. 
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The  center  and  lover  curves  of  Figures  3^62  to  3-*68  show  the  total 
body  heat  storage  rate  and  LCG  heat  removal  rate  respectively » as  a func-* 
tion  of  time  for  each  of  the  7 tests^  with  the  metabolic  profile  of  each 
test  superposed  (as  dotted  lines)  over  the  LCG  heat  removal  curve.  The 
predicted  results  are  also  shown  (as  solid  lines)  and  agreement  is  again 
quite  good.  The  heat  storage  rates  were  determined  by  calculating  the 
slope  of  the  total  heat  storage  curves  (Figures  3-55b  to  3-61b)  taken 
between  successive  times. 

The  heat  storage  rates  are  generally  shown  to  vary  above  and  below 
zero,  an  indication  that  the  subjects  attempted  to  achieve  physiological 
steady-state  by  adjusting  their  LCG  cooling  to  try  to  balance  their  heat 
removal  against  their  metabolic  heat  production.  This  does  not  mean  that 
all  of  the  data  shown  represent  physiological  steady-state  conditions. 

In  fact,  most  of  the  points  in  tne  heat  storage  rate  curve  lie  somewhat 
above  or  below  the  zero  line,  and  many  data  points  cross  the  zero-rate 
line  with  a large  slope. 

This  suggests  that  more  often  than  not,  the  subjects  would  tend  to 
overcorrect  in  attempting  to  balance  their  heat  production  by  using  the 
LCG,  which  is  indicative  of  poor  perception  of  instantaneous  thermal 
comfort,  but  good  perception  for  longer  time  periods.  The  latter  can  be 
shown  by  observing  that  the  heat  storage  rates  Integrated  over  time  approach 
zero  for  longer  time  periods  (the  areas  above  and  below  the  zero  heat 
storage  rate  line  are  approximately  equal). 

The  distinction  is  important  because  in  order  to  isolate  true  steady- 
state  points  from  each  of  the  7 transient  tests,  it  becomes  imperative  to 
establish  a firm  set  of  criteria  with  which  to  judge  these  points.  The 

criteria  will  be  discussed  subsequently,  when  steady-state  data  from  all 
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of  the  tests  are  compared  to  model  predictions*  for  the  purpose  of 
recognizing  trends  observed  in  the  previous  Series  A*  and  €• 

Several  trends  are  immediately  obvious  from  the  LCC  heat  remo\;al 
curves  of  Figures  3-62  to  3-68.  The  LCG  heat  removal  rate  superposed  over 
the  metabolic  rate  profile  quite  clearly  demonstrates  that  the  largest 
portion  of  metabolic  heat  production  is  removed  by  the  LCG.  If  all  7 tests 
are  compared*  it  can  also  be  seen  that  as  the  net  environmental  heat 
exchange  into  the  suit  increased*  the  amount  of  the  metabolic  heat  removed 
by  the  LCG  generally  increased.  This  is  shown  by  comparing  Figures  3-6 3c 
and  3-67c  (for  the  cold  environmental  conditions  of  Tests  2 and  6)  with 
Figures  3-65c  and  3-68c  (for  the  hot  environmental  conditions  of  Tests  4 
and  7). 

It  can  be  surmised  that  as  the  environmental  heat  into  the  space  suit 
increased*  a certain  amount  of  it  found  its  way  into  the  LCG*  thus  biasing 
the  LCG  heat  removal  in  a fashion  not  necessarily  the  same  as  that  from 
metabolic  heat.  In  fact*  the  influence  of  environmental  heat  on  the  LCG 
is  different  from  that  of  metabolic  heat  and  will  be  examined  later. 

As  mentioned  earlier*  the  variations  in  LCG  heat  removal  rate  for  any 
given  test  in  which  the  ambient  environment  was  constant  are  directly  sensi- 
tive to  adjustments  in  LCG  inlet  temperature.  From  Figures  3-62  to  3-68, 
it  can  be  seen  that  high  metabolic  rates  generally  coincided  with  low  LCG 
inlet  temperatures  selected  by  the  test  subject*  wliich  caused  high  LCG  heat 
removal  rates.  Conversely*  low  metabolic  rates  coincided  with  higher  LCG 
inlet  temperatures  which*  in  turn*  caused  lower  LCG  heat  removal  rates. 

There  are  exceptions  to  this  observation*  but  they  may  be  traced  to  the 
rapidity  with  which  many  of  the  transients  occurred*  or  to  a variation  in 
the  method  with  which  some  of  the  test  subjects  regulated  their  LCG 
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(anticipatory  behavior  response  versus  behavioral  response  to  excess  body 
heat  storage).  The  latter  is  especially  noticeable  if  one  compares  the 
results  of  Test  5 and  to  a lesser  extent  Test  2 (Figures  3-66  and  3-63) 
with  those  of  Tests  3 and  4 (Figures  3-64  and  3-65). 

In  Tests  2 and  5 the  changes  in  LCX^  diverter  valve  position^  the 

decreases  and  increases  in  LCG  inlet  temperature  and  the  corresponding 
increases  and  decreases  in  LCG  heat  renx^val  coincide  almost  identically 
%rith  the  times  of  the  abrupt  increases  and  decreases  in  metabolic  rate. 

This  is  a classic  example  of  an  anticipatory  behavioral  response. 

On  the  other  hand»  the  results  of  Tests  3 and  4 often  show  changes 
in  LCG  inlet  temperature  and  LCG  heat  removal  clearly  lagging  behind 
metabolic  rate,  a condition  indicative  of  a behavioral  response  to  the 
stimulus  of  high  body  temperatures  or  excess  heat  storage.  The  latter  is 
associated  with  the  delay  time  required  for  the  heat  generated  by  the 
muscles  to  reach  the  skin  and  hypothalamic  thermor  ceptors  by  conduction 
and  internal  convection.  This  may  have  resulted  from  the  test  subject 
temporarily  forgetting  to  keep  track  of  the  planned  metabolic  profile;  or 
simply  preferring  to  store  heat  before  adjusting  his  LCG  cooling. 

Coincidentally,  the  amount  of  heat  stored  by  a test  subject  before 
he  made  an  adjustment  in  LCG  cooling  was  usually  limited  to  a narrow  band 
within  + 50  watt-hr  (see  Figures  3-55  to  3-61),  a fact  which  supports  the 
use  of  a comfort  band  based  upon  heat  storage  as  a means  of  quantitatively 
assessing  thermal  comfort.  The  one  exception  to  this  is  in  Test  5 
(Figure  3-59b),  where  it  is  suspected  that  the  tympanic  temperature  probe 
worked  loose,  resulting  in  a below^normal  reading  of  head  core  temperature 
and  thus  body  heat  storage. 
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Figures  3-69  to  3-75  show  the  actual  and  predicted  transient  response 
of  total  evaporative  heat  loss  rate  (upper  curve)  and  evaporative  heat 
loss  by  active  sweat  (lower  curve).  Since  dei^oint  sensors  were  inoperative 
for  Series  D,  it  was  necessary  to  determine  the  evaporative  heat  loss  rates 
by  a heat  balance  computation.  Utilizing  a heat  balance  equation  (equa- 
tion 13,  Appendix  C),  and  the  known  values  of  net  average  environmental 
heat  load,  metabolic  rate,  LCG  heat  removal  rate,  and  body  heat  storage 
rate.  It  Mas  possible  to  calculate  transient  evaporation  loss  for  each 
test»  The  evaporation  heat  loss  rate  by  active  sweat  was  then  found  by 
subtracting  the  empirical  relationships  previously  described  for  diffusion 
and  respiratory  heat  loss  (equations  5 and  7,  Appendix  C). 

The  largest  source  of  error  in  this  type  of  computation  is  the  assump- 
tion that  the  Instantaneous  environmental  heat  exchange  did  not  appreciably 
differ  from  the  net  average  environmental  heat  exchange  as  determined  by 
post-test  analysis  of  the  PLSS.  However,  the  assumption  is  not  too  bad 
considering  that  all  of  the  inner  and  outer  space  suit  temperatures  that 
were  measured  reached  a steady-state  shortly  after  exposure  to  the  test 
environment.  Other  sources  of  error  In  the  computation  were  the  assumption 
of  no  8 .ivering  In  the  heat  balance  equation,  errors  in  the  accuracy  of 
measured  body  temperatures  which  affect  the  heat  storage  rate,  and  errors 
In  the  metabolic  rate  profile. 

Despite  these  sources  of  error,  it  was  possible  to  check  the  accuracy 
of  the  computational  technique  by  integrating  the  total  evaporative  heat 
loss  rate  curves  over  time  and  comparing  the  totals  with  the  total  evapora- 
tive heat  removed  over  the  duration  of  each  test  as  determined  from 
measurements  of  the  collected  water  separated  out  by  the  PLSS  (Table  D4, 
Appendix  D).  The  comparison  (Table  D5,  Appendix  D)  demonstrates  t^at  the 
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computational  technique  described  above  provides  a reasonable  estimate  of 
evaporative  heat  loss  rates  for  Series  D« 

The  results  of  Figures  3-69  to  3-75  show  that  the  total  evaporative 
heat  loss  rates  vary  considerably  over  the  duration  of  each  test.  This 
is  a reflection  of  the  changing  heat  storage  rates  that  occur  when  the 
subject  attempts  to  regulate  the  LCG  inlet  temperature  to  maintain  his 
comfort.  In  some  instances,  the  evaporation  rates  are  quite  high  and 
account  for  a substantial  amount  of  the  metabolic  heat  dissipation.  This 
often  occurs  during  the  lag  time  between  the  onset  of  a high  metabolic 
rate  and  the  subsequent  adjustment  in  LOG  cooling.  However,  it  will  be 
later  shown  that  evaporation  rates  during  the  steady-state  points  of  each 
test  are  comparable  to  those  seen  in  previous  test  series,  and  in  fact  are 
usually  substantially  lower  than  LCG  heat  removal  rates. 

The  evaporative  heat  loss  by  active  ^t  x also  shown  to  vary  over 
the  course  of  each  test.  However,  it  usually  accounts  for  only  a small 
portion  of  metabolic  heat  dissipation  In  fact,  in  many  Instances,  there 
is  no  active  sweating  at  all.  This  is  apparently  a manifestation  of  the 
use  of  the  LCG  to  maintain  r.  \furt  by  minimizing  sweating.  The  mathematical 
model  predlctiu  is  are  also  shown,  and  in  most  cases,  agreement  with  the 
data  is  gooc^^ 

One  fina".  ooserv^tion  should  be  made  about  the  predictions  of  LCG 
heat  removal  and  evaporative  heat  loss.  Despite  the  occurrence  of  rapid 
transients  during  each  oi.  the  tests,  the  model  predictions  tracked  the 
changes  exhibited  by  the  test  data  in  a reasonable  fashion.  Although  the 
rapidity  of  the  transients  makes  it  difficult  to  detect  any  trends  in 
model  accuracy,  it  appears  that  LCG  heat  removal  is  slightly  underpredicted, 
a trend  which  has  been  repeatedly  observed  in  other  tests.  On  the  other 
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handy  predictions  of  evaporative  heat  loss  do  not  display  any  consistent 
error. 

These  and  similar  trends  could  be  examined  in  a more  rigorous  fashion 
if  steady-state  data  for  each  of  the  tests  were  isolated  and  compared  to 
model  predictions.  In  pursuit  of  this  objective,  it  was  necessary  to 
estaolish  2 sets  of  criteria  with  which  to  judge  steady-state  data.  These 
are  listed  as  follows: 

1,  Steady-state  data  for  each  test  are  Identified  by  times  during 
which  the  following  4 conditions  prevailed: 

a.  The  body  heat  storage  rate  was  approximately  zero;  and  the 
slope  of  the  heat  storage  rate  curve  was  also  approximately 
zero. 

b.  The  LCG  inlet  temperature  was  approximately  constant. 

c.  The  metabolic  rate  was  approximately  constant. 

d.  The  LCG  heat  removal  rate  was  approximately  constant, 

OR 

2.  Intervals  during  each  test  for  which  the  time-integrated  values 
of  body  heat  storage  rate  were  zero. 

For  the  second  set  of  criteria,  the  corresponding  LCG  and  evaporative 
heat  removal  rates  were  considered  to  be  the  tlme-averr  ged  values  for  the 
same  time  interval.  However,  this  was  not  always  the  case  for  the  corres- 
ponding metabolic  rates.  If  the  subject  regulated  his  LCG  by  an  anticipa- 
tory beluwioral  response,  then  the  time  of  metabolic  heat  production  and 
LCG  and  evaporative  heat  removal  were  Identical  to  the  time  required  for 
the  Integrated  value  of  body  heat  storage  to  approach  zero.  If,  on  the 
other  hand,  the  subject  regulated  his  LCG  by  responding  to  the  stimulus  of 
body  heat  storage  associated  with  the  lag  time  between  heat-production  and 


3-79 


heat  sensation,  then  the  time  required  to  remove  the  heat  of  metabolism 
by  LC6  and  evaporative  cooling  In  order  to  produce  an  Integrated  value  of 
zero  body  heat  storage  was  somewhat  longer  than  the  time  of  sustained 
metabolic  heat  production. 

This  procedure  is  summarized  by  the  hypothetical  example  shown  in 
Figure  3-76.  Here  the  time-averaged  metabolic  rates  (the  shaded  areas 
under  the  upper  curves  divided  by  the  time  n«»*lod  A)  are  Identical. 

However,  for  the  case  of  a behavioral  response  to  body  heat  storage,  the 
time  interval  required  for  the  integrated  heat  storage  rate  curve  (dashed 
line)  to  approach  zero  (interval  B)  Is  longer  than  the  equivalent  time 
for  the  case  of  an  anticipatory  behavioral  response  (interval  A).  The 
difference  occurs  because  for  the  heat-storage  regulated  response,  it 
required  a longer  time  interval  to  remove  the  heat  produced  by  metabolism 
than  for  the  anticipatory  behavioral  response  (center  curves).  This  longer 
time  Interval  Is  the  result  of  an  obligatory  period  of  forced  body  heat 
storage  that  occurs  as  a consequence  of  the  lag  time  (C),  and  an  equivalent 
period  of  destorage  that  occurs  after  the  cessation  of  metabolic  work. 

By  utilizing  the  above  2 sets  of  criteria,  it  was  possible  to  isolate 
steady-state  data  for  each  test.  These  data,  with  their  associated  time 
periods  are  presented  in  Appendix  D in  Table  D6. 

Steady-State  Results 

Table  3-5  presents  the  steady-state  predicted  and  actual  head  core 
and  mean  skin  temperatures  determined  in  the  manner  described  above.  The 
data  are  arranged  for  warm,  moderate,  and  cool  LCG  inlet  temperatures,  as 
a function  of  metabolic  rate. 

As  in  previous  test  series,  the  wannest  and  coolest  skin  temperatures 
occurred  at  the  highest  and  lowest  inlet  temperatures  respectively.  That 
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l8»  LCG  Inlet  temperature  has  a greater  effect  on  skin  temperature  than  does 
metabolic  rate.  On  the  other  hand,  the  head  core  temperatures  showed  no 
apparent  dependence  on  LCG  temperature*  Tympanic  temperatures  were  about 
the  same  for  the  warmer  LCG  Inlet  range  as  for  the  colder  range*  This 
trend  was  also  observed  In  Series  A and  C* 

The  predictions  of  the  mathematical  model  agree  quite  well  with  the 
steady-state  data*  As  suggested  by  the  transient  data,  head  core  predic- 
tions are  very  close  to  the  actual  data,  while  mean  skin  predictions  ..re 
also  close  but  usually  lower.  Contrary  to  Series  A,  the  error  in  skin 
temperature  predictions  does  not  appear  to  be  dependent  upon  LCG  inlet 
temperature  or  metabolic  rate*  This  may  be  a consequence  of  the  fact  that 
Series  A was  more  of  an  off-comfort  test  than  Test  Series  D. 

Figure  3-77  shows  the  LCG  heat  transfer  coefficient  for  the  steady- 
state  data*  The  value  used  as  input  for  the  mathematical  model  was  taken 
from  the  solid  line.  The  heat  transfer  coefficient  was  determined  from 
mean  skin  temperature  and  LCG  water  temperature  and  flowrate  according  to 
equation  10  in  Appendix  C.  The  values  shotm  are  in  good  agreement  with 
those  of  other  test  series*  Differences  between  the  assumed  heat  transfer 
coefficient  and  the  actual  values  resulted  primarily  from  individual 
variations  in  LCG  fit  among  test  subjects.  These  variations  are  sources 
of  error  that  influence  predictions  of  LCG  heat  removal;  however,  in  most 
cases,  the  effect  is  slight. 

Figures  3-78  to  3-80  show  predicted  and  actual  steady-state  LCG  and 
total  evaporative  heat  removal  as  a function  of  metabolic  race  for  cool, 
moderate,  and  warm  LCG  inlet  temperatures,  respectively.  Each  curve  shows 
the  effect  of  parametrically  increasing  the  net  envlronme  ital  heat  exchange 
from  the  maximum  loss  to  the  ambient  environment  (67-72  watts  out)  to  the 
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maximum  gain  from  the  environment  (117*137  watts  ln)«  As  indicated  by  the 
data»  LCG  and  evaporative  heat  removal  rates  expectably  increased  as  meta* 
bollc  rate  Increased.  Concerning  the  predictions  of  the  mat hematic ax 
model,  LCG  heat  removal  rates  are  occasionally  underpredicted , although 
less  frequently  than  observed  In  other  test  series.  Total  evaporative 
heat  loss  rate  predictions  are  good  with  no  obvious  trend  in  the  errors. 
Evaporative  heat  removal  is  observed  to  be  substantially  less  than  LCG 
heat  removal  at  the  lower  LCG  inlet  temperatures,  and  comparable  for  the 
highest  inlet  temperatures. 

Both  the  LCG  and  evaporative  heat  removal  rates  are  shown  to  increase 
as  the  net  heat  exchange  from  the  environment  Increases.  At  the  same 
metabolic  rate  and  LCG  inlet  temperature,  the  results  for  the  hottest  and 
coldest  ambient  environments  differ  significantly.  This  makes  it  difficult 
to  compare  all  the  results  of  the  cold  environment  tests  directly  with 
those  for  the  hot  environments.  Direct  comparison  of  the  steady-state 
results  of  Series  D with  previous  test  series  is  also  difficult.  It  would 
therefore  be  desirable  to  quantitate  the  effect  of  environmental  heat 
exc'iange  upon  the  LCG  and  upon  evaporative  heat  loss  in  order  to  provide 
a mechanism  for  direct  comparison  of  all  tests,  Independent  of  the 
environment . 

Although  it  would  have  been  more  desirable  to  use  actual  test  data  to 
determine  and  quantitate  the  environmental  effect,  the  number  of  steady- 
state  data  points  that  existed  for  varied  ambient  environments  at  the  same 
metabolic  rate  and  the  same  LCG  inlet  temperature  were  few.  Furthermore, 
although  environmental  effects  were  significant,  they  were  still  small 
enough  such  that  slight  variations  in  testing  conditions  would  have  made 

It  difficult  to  rigorously  analyze  and  Isolate  this  effect  from  others 
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which  may  have  occurred  (such  as  variations  in  experimental  procedure, 
metabolic  rate  or  LCG  inlet  temperature).  Consequently,  it  was  decided  to 
use  the  mathematical  model  to  quantitate  the  environmental  effect  in  order 
to  eliminate  the  influence  of  factors  which  might  bias  the  test  results. 

Figure  3-81  shows  the  effect  of  increasing  the  net  heat  gain  from 
the  environment  for  3 representative  conditions.  Predictions  of  LCC  and 
total  evaporative  heat  loss  are  shown  for  a high  metabolic  rate  with  a 
low  LCG  inlet  temperature,  a moderate  metabolic  rate  with  a moderate  inlet 
temperature,  and  a low  metabolic  rate  with  a high  inlet  temperature.  The 
available  corresponding  steady-strte  data  points  are  also  shown,  and 
agreement  with  the  predictions  is  reasonable.  Both  LCG  and  evaporative 
heat  loss  rates  appear  to  increase  rectilinear ly  with  environmental  heat 
gain.  The  relationship  for  LCG  heat  removal  is  not  visibly  different  from 
that  for  evaporative  heat  loss. 

Figure  3-82  shows  the  results  of  the  previous  curve  presented  as  the 
change  in  environmental  heat  gain  or  loss  (using  zero  heat-exchange  as  the 
reference)  versus  the  corresponding  change  in  heat  removal.  It  is  the 
slope  of  tie  lines  in  Figure  3-82  that  provides  the  desired  relationship 
between  the  effect  of  environmental  heat  exchange  and  heat  removal. 

Despite  the  fact  that  conditions  varied  considerably  from  a high  metabolic 
rate  at  a low  inlet  temperature  to  a low  metabolic  rate  at  a high  inlet 
temperature,  the  slopes  derived  from  Figure  3-82  varied  by  only  + 5%.  The 
LCG  heat  removal  is  shown  to  absorb  (or  lose)  approximately  40%  of  the  net 
environmental  heat  exchange  into  (or  out  of)  the  suit,  while  the  total 
evaporative  heat  loss  changes  by  about  60%. 

In  other  words,  environmental  heat  influences  the  sweating  and  evaoo- 
rative  heat  loss  mechanism  slightly  more  than  it  does  LCG  heat  removal. 
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Therefore^  environmental  heat  gets  In  (or  out)  of  the  LOG  in  a fashion 
unlike  that  of  metabolic  heat*  Although  LCG  heat  removal  has  been  shown 
to  account  for  anywhere  between  45  to  lltS%  of  metabolic  heat  production 
(depending  upon  metabolic  rate  and  inlet  temperature) ^ it  only  accounts 
for  40  + 5Z  of  environmental  heat  excliange.  This  conclusion  is  in  agree- 
ment with  independent  engineering  analyses  of  the  LCG  using  manikins  with 
heaters. 

These  results  can  be  used  to  eliminate  the  effect  of  the  environment 
from  all  of  the  steady-state  test  data  of  Series  D,  which  permits  all  of 
the  data  to  be  transformed  to  the  condition  of  a thermally  neutral  environ- 
ment and  thus  compared  in  the  same  fashion  as  previous  test  series.  It 
also  permits  direct  comparison  of  these  data  with  the  datr.  of  previous 
test  series  in  order  to  substantiate  or  invalidate  previous  trends. 

Figure  3-83  shows  LCG  heat  removal  rate  as  a function  of  metabolic 
rate  for  various  LCG  inl^t  temperatures.  The  data  shown  are  the  steady- 
state  values  of  Table  D6  of  Appendix  D with  the  environmental  effects 
subtracted  in  the  manner  described  above. 

As  in  other  test  series,  the  same  general  trend  of  an  increase  in  LCG 
heat  removal  for  an  increase  in  metabolic  rate  at  a constant  inlet  tempera- 
ture is  observed.  Also,  as  expected,  the  cooler  inlet  temperature  data 
shows  more  heat  removal  than  the  warmer  inlet  temperature  data  for  similar 
metabolic  rates. 

The  mathematical  model  predictions  shown  (solid  lines)  are  for  condi- 
tions of  zero  environmental  heat  exchange  ^reement  with  the  actual  data 
is  good,  especially  for  the  lower  and  moderate  metabolic  rates.  At  higher 
metabolic  rates  there  is  some  underprediction.  However,  unlike  other  test 
series,  no  consistent  pattern  of  error  is  discernible  (such  as  increasing 


underpred let ions  at  high  metabolic  rates  and  low  inlet  temperatures)*  In 
facty  the  agreement  of  test  and  predicted  data  at  the  higher  metabolic 
rates  for  inlet  temperatures  of  6-9®C  is  very  good. 

Figure  3-84  presents  the  data  of  Figure  3-83  replotted  as  the  percent- 
age of  metabolic  heat  production  removed  by  the  LCG  (LOG  heat  removal/ 
metabolic  rate)  versus  LCG  inlet  temperature.  The  data  are  grouped  for 
low»  moderate,  and  high  metabolic  rates  and  bounded  by  predictions  for 
metabolic  rates  cf  293  and  615  watts.  As  in  other  tests,  there  is  a sharp 
increase  in  percentage  heat  removal  as  the  inlet  temperature  decreases. 
Actual  heat  removal  varied  between  43  to  90%  of  metabolic  heat  production, 
depending  upon  inlet  temperature  and  metabolic  rate*  These  results  are 
entirely  consistent  with  previous  trends,  and  the  data  of  Figure  3-84 
generally  fall  within  the  band  defined  by  the  predictions.  Deviation  does 
occur  at  the  higher  inlet  temperatures,  but  some  of  it  may  be  attributable 
to  the  fact  chat  the  LCG  heat  transfer  coefficient  decreases  and  differs 
somewhat  from  tliat  used  by  the  model  at  higher  inlet  temperatures* 
Alternatively,  this  error  may  simply  be  a consequence  of  the  technique 
used  for  eliminating  environmental  effects  from  the  data.  In  any  case, 
the  data  and  predictions  confirm  the  rel  •‘ionships  deduced  fro!^  previous 
tests,  and  the  errors  appear  less  severe  and  more  random. 

Total  evaporative  heat  loss  is  shoim  as  a function  of  metabolic  rate 
and  LCG  inlet  temperature  in  Figure  3-85.  The  individual  values  were 
determined  from  trie  heat  balance  computation  outlined  earlier.  The  trends 
shown  are  the  same  as  observed  in  previous  test  series,  and  as  predicted 
by  the  mathematical  model  (dashed  lines).  Evaporation  heat  loss  increased 
almost  rectllinearly  as  metabolic  rate  increased  at  a constant  inlet  tem- 
perature, and  evaporation  rates  were  greater  for  higher  LCG  inlet  tempe^a- 


3-85 


tures  at  the  same  metabolic  rate.  Agreement  between  test  and  predicted 
data  is  generally  good,  with  no  obvious  trend  in  the  differences  that  do 
occur.  Unlike  Series  A or  B,  the  mathematical  model  does  not  exhibit  a 
tendency  to  overpredict  evaporative  heat  loss  at  higher  metabolic  rates, 
although  this  occurs  somewhat  In  the  14-17 ®C  temperature  range. 

Figure  3-86  depicts  the  total  evaporative  heat  loss  rate  as  a percent- 
age of  metabolic  rate  and  shows  the  expected  trend  of  an  Increase  In 
evaporation  rates  as  LCG  Inlet  temperature  Increases.  As  with  LCG  heat 
removal,  the  evaporative  heat  loss  data  fall  nicely  within  the  band 
bounded  by  model  predictions  of  293  and  615  watts.  It  Is  also  observed 
that  for  inlet  temperatures  below  17 ®C,  total  evaporative  heat  loss  rates 
represent  a lower  portion  of  metabolic  heat  removal  than  LCG  heat  removal 
rates.  Evaporation  heat  loss  varies  between  10  and  50%  of  metabolic  heat 
production  (as  opposed  to  43  to  90%  for  LCG  heat  removal) . It  should  also 
be  noted  that  for  the  same  LCG  Inlet  temperature,  a greater  percentage  of 
evaporative  heat  loss  Is  expected  for  higher  metabolic  rates  than  lower 
metabolic  rates,  whereas  for  LCG  heat  removal,  the  reverse  is  true. 

Figures  3-87  and  3-88  show  the  heat  loss  by  evaporation  of  active 
sweat  as  a function  of  metabolic  rate  and  LCG  Inlet  temperature.  These 
steady-state  data  were  determined  by  subtracting  the  empirical  relation- 
ships for  diffusion  and  respiratory  heat  loss  from  total  evaporative  heat 
loss.  Sweating  Is  shown  to  constitute  a far  smaller  channel  of  heat 
removal  than  LCG  heat  loss.  The  evaporation  of  active  sweat  varies  almost 
rectlllnearly  w*  ^ metabolic  rate  for  constant  LCG  inlet  temperatures,  and 
agreement  with  the  dct-  (do&lieu  iinesj  is  good.  However,  these 

results  were  to  be  expected  since  the  data  of  Figures  3-87  and  3-88  w 're 
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derived  from  total  evaporative  heat  loss  data,  and  consequently,  should 
exhibit  the  same  trends. 

It  Is  observed  in  several  Inst  mces  that  evaporative  sweat  heat  loss 
is  zero  or  very  low.  This  probably  resulted  from  the  use  of  the  LCG  to 
eliminate  cr  limit  sweating  In  order  to  maintain  comfort.  For  example, 
for  cold  inlet  temperatures  between  6 and  9®C,  the  onset  of  sweating  did 
not  occur  until  metabolic  rates  greater  than  440  watts  were  achieved.  In 
fact,  most  of  the  sweat  heat  removal  rates  were  limited  below  150  watts 
for  all  combinations  of  metabolic  rate  and  LCG  inlet  temperature,  and 
evaporative  heat  removal  by  active  sweat  rarely  exceeded  35%  of  the  meta- 
bolic heat  production. 

Figure  3-88  also  shows  the  data  generally  falling  within  the  narrow 
band  defined  by  predictions  of  293  and  615  watts.  This  implies  that  the 
subjects  regulated  LCG  cooling  in  order  to  limit  sweating,  and  presumably 
to  maintain  thermal  comfort.  Such  a conclusion  can  be  tested  by  performing 
a regression  analysis  and  curve  fit  to  the  data  of  Figures  3-83  and  3-85. 
This  is  shown  in  Figure  3-89.  The  predictions  of  the  mathematical  model 
arc  also  shown  for  reference  on  the  clear  overlay. 

If  the  data  are  examined  without  the  overlay,  it  is  ob  that 

there  is  a strong  correlation  between  metabolic  rate  and  LCG  heat  removal 
(dark  symbols  of  top  graph).  The  least  squares  curve  fit  through  the 
data  is  a second  order  curve  with  a correlation  coefficient  of  0.90.  The 
second  order  curve  fit  had  a better  correlation  than  a linear  fit,  but  a 
third  order  fit  did  not  significantly  Improve  the  correlation.  The  steep- 
ness of  the  curve  indicates  the  strong  dependence  upon  LCG  cooling  to 
maintain  comfort  as  metabolic  rate  increased. 
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On  the  other  hand,  the  total  evaporative  heat  removal  (open  83anbol8 
of  middle  graph)  did  not  increase  nearly  as  much  with  metabolic  rate. 

In  fact»  after  a slight  increase,  it  leveled  off  and  approached  an  asymp- 
totic value  of  about  150  watts.  The  best  least  squares  curve  fit  to  the 
data  (dashed  line)  has  a correlation  coefficient  of  0.65.  There  is  prob- 
ably more  data  scatter  and  less  of  a correlation  primarily  because  of  the 
errors  inherent  in  the  computational  techniques  used  to  extract  total 
evaporative  heat  loss  rate  from  the  raw  test  data.  However,  the  salient 
point  is  that  LOG  heat  removal  is  regulated  in  such  a fashion  (presumably 
in  response  to  thermal  comfort)  as  to  limit  sweating  and  evaporation  in 
the  manner  shown  by  Figure  3-89.  The  evaporation  heat  loss  rate  approaches 
a limit  because  the  cold  LCG  inlet  temperatures  selected  at  high  metabolic 
rates  (6-13®C)  depress  skin  temperature  and,  therefore,  local  sweating 
signals.  The  regulation  of  the  LCG  heat  removal  is  accomplished  by  varying 
the  inlet  temperature. 

If  the  clear  overlay  is  now  superposed  over  Figure  3-89,  it  can  be 
seen  that  the  LCG  regression  curve  intersects  the  lines  of  constant  LCG 
inlet  temperature  (top  curve)  at  specific  metabolic  rates.  Assuming  that 
the  subjects  regulated  their  LCG  cooling  in  accordance  with  their  own 
comfort,  this  demonstrates  that  ideally,  at  each  metabolic  rate,  there  is 
a unique  inlet  temperature  that  will  be  selected.  (In  actuality,  there 
is  a range  of  inlet  temperatures,  due  to  individual  variations  in  comfort.) 

It  is  the  selection  of  a unique  comfort  inlet  temperature  at  each 
metabolic  rate  that  results  in  the  limitation  of  sweating  demonstrated  by 
Figure  3-89b.  This  implies  that  there  is  a definite  relationship  between 
the  limitation  ^ sweating  and  thermal  comfort.  Such  a relationship  is 
well  established  in  environmental  physiology.  For  example,  studies  by 
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Webb  and  Fanger  (49,  155)  have  related  thermal  comfort  to  the  limitation 
of  svdat  rate* 

The  uniqueness  of  the  results  of  Figure  3-89  is  the  relationship  that 
exists  between  LCG  cooling  and  sweat  rate,  which  permits  far  greater  meta- 
bolic rates  to  be  achieved  at  comfort  while  wearing  an  LCG.  It  should  be 
mentioned  that  the  LCG  correlation  of  Figure  3-89a  could  have  been  improved 
if  a detailed  error  analysis  were  performed,  and  the  points  with  a large 
standard  error  omitted.  However,  another  method  exists  for  refining  the 
correlation. 

If  the  equivalent  regression  curves  of  Series  B (Figure  3-28a)  are 
compared  with  those  of  Figure  3-89,  it  is  noted  that  the  equations  of 
corresponding  curves  are  different.  Furthermore,  the  regression  curves  of 
Series  D have  a higher  correlation  coefficient  than  the  equivalent  curves 
of  Series  B.  The  difference  may  be  attributed  to  the  fact  that  in  Series  D, 
the  test  subjects  were  permitted  to  vary  their  LCG  cooling  in  response  to 
metabolic  rate,  environmental  conditions,  and  presumably,  thermal  comfort. 
Therefore,  it  has  been  assumed  that  all  of  the  data  of  Series  D represent 
comfort  conditions.  However,  many  investigators  feel  that  over  short 
time  periods,  man  is  a poor  judge  of  his  own  thermal  comfort.  Consequently, 
it  would  be  useful  to  examine  the  body  heat  storage  data  of  Series  D in 
relation  to  the  comfort  band  that  has  been  postulated  to  relate  thermal 
comfort  to  heat  storage.  This  would  provide  a good  indication  of  the 
validity  of  the  comfort  assumption  for  Series  D. 

Figure  3-90  presents  total  body  heat  storage  as  a function  of  meta- 
bolic rate  for  all  of  the  steady-state  data  points.  The  comfort  band  is 
also  shown  with  the  data.  It  is  observed  that  almost  all  of  the  data 
points  fall  within  the  comfort  zone.  However,  there  are  several  points 
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that  lie  significantly  outside  of  the  band  (shown  circled).  If  these  are 
truly  off-comfort  points » they  would  bias  the  correlations  of  Figure  3-89 
because  of  the  ron-rec til inear  or  discontinuous  thermoregulatory  effects 
that  occur  under  off-comfort  conditions. 

It  will  subsequently  be  shown  in  Sertioa  4 that  the  correlations  of 
LCG  heat  removal  and  evaporation  heat  loss  can  be  improved  further  by 
including  only  those  points  which  fall  in  the  comfort  zone.  The  points 
which  fall  outside  of  the  comfort  band  of  Figure  3-90  may  well  represent 
conditions  during  which  the  test  subject  was  not  aware  of  his  own  comfort. 
This  is  a distinct  possibility,  considering  the  transient  nature  of  the 
tests  in  Series  D,  However,  it  is  equally  likely  that  these  results 
represent  errors  in  the  experimental  procedure,  such  as  body  temperature 
sensor  error,  or  in  the  selection  process  for  determining  steady-state 
points. 

Nonetheless,  it  is  observed  that  most  of  the  data  fall  within  the 
comfort  band  and  follow  the  same  trend  of  an  increase  with  metabolic  rate. 
This  is  In  contrast  to  previous  test  series  where  LCG  inlet  temperatures 
were  imposed  upon,  rather  than  selected  by,  test  subjects  and  much  of  the 
heat  storage  data  was  outside  the  comfort  zone.  (see  Figures  3-19,  3-22 
and  3-35). 

It  should  be  mentioned  that  most  of  the  steady-state  data  of  Series  D 
were  found  by  integration  of  raw  data  over  relatively  long,  rather  than 
short,  time  periods;  and  that  subjective  comments  of  uncomfortable  condi- 
tions by  the  test  subjects  were  uncommon.  Therefore,  the  initial  assump- 
tion that  subjects  regulated  LCG  cooling  in  response  to  themal  comfort 
was  reasonable.  Consequently,  the  data  of  Figure  3-90  also  strongly 
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support  the  validity  of  the  proposed  comfort  band  concept  as  a means  of 
quantitating  thermal  comfort. 

In  light  of  the  reralts  expressed  in  Figures  3-89  and  3-90,  the 
influence  of  heat  storage  on  the  limitation  of  sweating,  and  the  control 
of  LCG  cooling  becomes  clear.  Test  subjects  regulated  their  LCG  cooling 
in  such  a way  as  to  keep  body  heat  storage  within  the  comfort  zone,  thereby 
limiting  sweating  and  evaporative  heat  loss  in  the  manner  shown  by 
Figure  3-89.  It  is  also  noteworthy  to  recall  that  the  comfort  zone  was 
based  upon  a rectal  temperature  tolerance  and  a limitation  of  sweating. 

The  data  of  Figure  3-89b  show  equivalent  sweat  rates  well  within  the  limits 
of  other  conventional  techniques  of  assessing  comfort  as  related  to  sweat 
rate. 

It  has  been  pre^/iously  stated  that  the  accuracy  of  the  predictions  of 
the  mathematical  model  depen  Is  upon  the  degree  of  comfort  associated  with 
a particular  set  of  test  conditions.  For  off-comfort  conditions,  such  as 
encountered  in  many  of  the  tests  in  Series  A and  B,  the  model  shows  a 
general  tendency  to  underpredict  LCG  heat  removal  and  overpredict  evapora- 
tive heat  loss  (Figure  3-28).  The  model  errors  can  be  tra^^ed  to  the 
difficulty  of  simulating  the  thermoregulatory  system  responses  that  become 
more  pronounced  as  an  individual  deviates  further  from  comfort.  Therefore, 
it  would  be  expected  that  the  model  errors  seen  in  these  previous  test 
series  would  be  reduced  for  Series  D,  where  comfort  was  achieved  for  almost 
all  test  points. 

This  is  observed  to  be  the  case  from  the  data  on  the  bottom  curve  of 
Figure  3-89.  Here,  errors  in  the  model  predictions  of  LCG  heat  removal 
(dark  symbols)  and  total  evaporative  heat  loss  rate  (open  symbols)  are 
shovm  as  a percentage  of  metabolic  rate,  for  all  steady-state  test  points. 
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A hand-drawn  curve  fit  through  the  error  data  Is  also  shown  (solid  line 
for  LCG  error,  dashed  line  for  evaporative  heat  loss). 

These  data  show  no  trend  In  either  LCG  or  evaporative  heat  loss  error. 
In  both  cases,  errors  rarely  exceed  10%  of  metabolic  rate.  Unlike  previous 
test  series,  there  Is  no  trend  Indicating  dependence  upon  metabolic  rate 
or  LCG  Inlet  temperatures,  and  the  error  appears  random.  This  is  in  con- 
trast to  Series  A and  B,  where  errors  were  positive  for  LCG  heat  removal 
and  negative  for  evaporative  heat  loss  (Figure  3-28b).  Furthermore,  the 
errors  of  Series  A and  B ver.7  generally  larger  and  showed  a tendency  to 
increase  with  metabolic  rate.  However,  these  results  are  expected  since 
thermoregulatory  responses  such  as  cutaneous  blood-flow  regulation  and 
sweating  are  greater  at  higher  metabolic  rates. 

The  error  analysis  data  of  Figure  3-89,  coupled  to  the  reasonably 
good  predictions  of  skin  temperature,  rectal  temperature  and  heat  storage, 
emphasize  the  validity  of  the  mathematical  model  as  a valuable  tool  for 
accurately  simulating  the  overall  response  of  the  human  thermoregu‘*atory 
system,  especially  for  comfort  conditions.  It  has  also  been  shown  that 
the  heat  storage  based  comfort  band  is  a useful  method  of  quantitating  the 
thermal  comfort  of  subjects  wearing  an  LCG. 

It  now  becomes  possible  to  combine  these  two  tools  in  such  a way  as 
to  provide  the  following  results: 

1.  Predictions  of  the  nanner  in  which  an  LCG  is  regulated  to  main- 
tain comfort. 

2.  Prediction  and  verification  of  the  LCG  heat  removal  relationship 
demonstrated  by  Figure  3-89a. 

3.  Prediction  and  verification  of  the  sweat  limitation  relationship 
demonstrated  by  Figure  3-89b. 
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4,  Generation  of  a method  of  predicting  metabolic  rate  from  LCG  heat 
removal  rate. 

The  results  described  above  are  derived  by  superposing  the  comfort 
band  over  the  steady-state  LCG  and  evaporative  heat  loss  predictions  of 
the  mathematical  model.  This  is  shown  in  Figures  3-91  to  3-93  for  neutral, 
cold,  and  hot  ambient  environments,  respectively.  In  each  case,  the 
chamber  and  space  suit  environmental  conditions  were  input  to  the  model, 
and  metabolic  rate  and  LCG  inlet  temperature  were  input  that  were  varied 
parametrically.  Steady-state  predictions  of  LCG  heat  removal,  evaporative 
heat  loss  and  total  body  heat  storage  were  then  generated. 

Predictions  of  LCG  heat  removal  (solid  lines)  and  total  evaporative 
heat  loss  (dashed  lines)  are  shoi^  as  a function  of  metabolic  rate.  Lines 
of  constant  LCG  inlet  temperature  corresponding  to  5,  10,  16,  21,  and  27®C 
are  also  shown.  The  total  body  heat  storage  predictions  appear  as  numbers 
lying  alongside  the  solid  and  dashed  lines  at  metabolic  rates  of  146,  234, 
352,  469,  and  586  watts.  The  comfort  band  was  then  superposed  on  the  LCG 
and  evaporative  heat  loss  predictions  simply  by  connecting  the  appropriate 
values  of  comfort  heat  storage  at  each  metabolic  rate. 

The  result  is  a band  of  predictions  that  intersects  lines  of  constant 
LCG  inlet  temperature  at  values  of  LCG  heat  removal  and  total  evaporative 
heat  loss  rates  that  conform  to  the  comfort  zone.  For  the  LCG  heat  removal 
curves,  values  above  the  band  correspond  to  cold  conditions  (accompanied 
by  shivering  for  high  negative  heat  storage  values)  and  values  below  the 
band  correspond  to  uncomfortably  hot  conditions  (accompanied  by  excessive 
sweating  for  high  positive  heat  storage  values).  For  the  evaporative  heat 
loss  curves,  the  reverse  is  true. 
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The  striking  thing  about  these  bands  is  that  they  have  the  same 
appearance  as  the  data  and  regression  curves  of  Figure  3-89.  Specifically, 
the  predicted  comfort  bands  of  Figures  3-91  to  3-93  show  a strong  recti- 
linear or  second  order  dependence  of  LCG  heat  removal  versus  metabolic  rate 
and  a near-constant  value  of  total  evaporative  heat  loss  rate  that  asymp- 
totically approaches  values  similar  to  those  of  Figure  3-89b. 

It  should  be  noted  that  the  variation  between  the  bands  from  Figure  3-91 
to  Figure  3-93  reflects  the  effect  of  the  changing  environment  upon  comfort. 
That  is,  at  each  metabolic  rate,  as  the  net  heat  exchange  from  the  environ- 
ment increases,  the  LCG  inlet  temperature  predicted  for  comfort  decreases 
and  the  LCG  heat  removal  increases.  This  is  shown  by  the  upward  movement 
of  the  LCG  comfort  band  as  the  environmental  heat  goes  from  heat  loss  to 
heat  gain.  Consequently,  the  effect  of  the  additional  heat  input  from  the 
environment  upon  sweating  and  evaporative  heat  loss  is  minimized,  since 
LCG  cooling  can  be  adjusted  to  compensate  for  it.  In  fact,  it  is  suspected 
that  there  would  have  been  no  effect  of  the  environment  upon  sweating  at 
all,  had  the  PLSS  cooling  system  been  designed  so  that  the  test  subject 
could  select  any  LCG  inlet  temperature  desired,  instead  of  one  of  3 discrete 
temperatures:  cool,  medium,  or  warm. 

The  preceding  observations  are  summarized  in  Figures  3-94  to  3-96, 
where  the  comfort  bands  for  LCG  inlet  temperature,  LCG  heat  removal,  and 
total  evaporative  heat  loss,  respectively,  are  shown  as  a function  of 
metabolic  rate,  and  compared  to  the  steady-state  test  data.  Each  curve 
shows  the  predicted  comfort  band  for  environments  ranging  from  cold  (net 
72  watts  out  of  suit)  to  hot  (net  137  watts  into  suit). 

It  may  be  seen  from  Figures  3-94  and  3-95  that  both  the  predictions 
and  the  test  data  demonstrate  selection  of  decreased  LCG  inlet  temperatures 
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and  increased  LCG  heat  removal  for  increased  environmental  heat  exchange 
at  constant  metabolic  rates  or  for  Increased  metabolic  rates  at  constant 
environmental  heat  exchange*  Consequently,  the  total  evaporative  heat 
loss  is  limited  for  all  conditions,  as  shown  by  Figure  3-96.  There  is  no 
significant  trend  in  the  evaporative  heat  loss  data  that  reflects  environ- 
mental effects  and  the  data  show  only  a slight  increase  with  metabolic  rate 
before  approaching  a limit. 

The  predicted  bands  of  Figures  3-94  to  3-96  contain  nearly  all  of  the 
test  data  and  thus  provide  confidence  In  the  ability  of  the  model  to 
predict  the  IXG  inlet  temperature,  LCG  heat  removal  and  evaporativct  heat 
loss  necessary  for  comfort  at  each  metabolic  rate  for  a ran^e  of  environ- 
mental conditions. 

Before  concluding  the  analysis  of  Series  D,  several  additional 
comments  are  in  order.  Tt  can  be  observed  from  Figure  3-93  (predictions 
for  the  hot  environment)  that  the  selection  of  even  the  coldest  LCG  inlet 
temperature  does  not  achieve  comfort  at  metabolic  rates  of  586  watts  or 
greater.  This  reflects  the  fact  that  the  Apollo-LCG  was  designed  for  peak 
heat  removal  efficiency  at  metabolic  rates  below  5ob  watts  in  a neutral 
environment.  At  high  metabolic  rates  and  hot  environmental  conditions,  LCG 
heat  removal  performance  is  inadequate  and  comfort  cannot  be  maintained. 
This  could  be  improved  by  modifying  the  existing  LCG  design  to  increase 
the  effective  contact  surface  area  between  the  LCG  and  the  skin*,  thereby 
Increasing  the  heat  transfer  coefficient;  or  by  the  application  of  other 
LCG  concepts,  such  as  a head  cooling  garment.  Designing  an  improved  LCG 
is  only  one  of  the  many  uses  for  which  the  mathematical  model  can  be 
applied  as  a valuable  research  tool  and  will  be  discussed  in  Section  4. 
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Another  factor  that  should  be  mentioned  Is  that  the  current  model 


does  not  have  any  provision  for  muscle  fatigue  associated  vdth  sustaining 
high  metabolic  rates  for  long  periods  of  time*  Such  a physiological  per- 
formance degradation  would  affect  the  test  data,  but  not  the  model  pre- 
dicticns.  Therefore,  errors  that  occur  at  high  metabolic  rates  in 
Figures  3-91  to  3-96  may  be  partly  attributable  to  this  factor. 

Finally,  it  can  now  be  seen  that  the  model  predictions  form  the  basis 
of  a method  of  predicting  metabolic  rate  from  LCG  performance.  For  example. 
If  the  net  radiative  heat  exchange  for  a particular  environment  is  known, 
and  the  LCG  inlet  temperature  and  heat  removal  rate  at  equilibrium  are 
measured,  this  information  may  be  utilized  in  the  parametric  data  o" 

Figures  3-91  to  3-93  to  predict  metabolic  rate  and  quantitate  comfort  with 
surprising  accuracy.  This  is  the  method  that  was  employed  to  determine 
astionaut  metabolic  rates  for  all  of  the  Apollo  lunar  surface  explorations 
and  is  described  in  the  next  section  for  Seri  is  E. 

SERIES  E 

In  order  to  allow  ad  luate  physiological  assessment  of  the  astronaut 
on  the  lunar  surface,  to  determine  the  rate  of  utilization  of  life-support 
system  consumables,  and  to  provide  information  for  activity  scheduling  for 
re^»l-tlme  and  subsequent  mission  planning,  it  was  necessary  to  estimate 
accurately  the  metabolic  rate  in  real-time  for  each  EVA.  This  was  accom- 
plished by  integrating  3 independent  methods  that  utilized  all  of  the 
available  telemetry  ^ata  that  was  transmitted  from  the  PLSS.  These  data 
were  received  and  proce  ,sed  as  input  parameters  into  the  Real  Time  Computer 
Complex  (RTCC)  of  the  Mission  Control  Center  at  the  NASA/Johnson  Space 
Center.  The  data  were  then  used  in  real-time  computer  programs  utilizing 
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the  3 Independent  methods,  to  present  3 independent  metabolic  rates.  These 


rates  were  examined  by  a metabolic  assessment  team,  and  a b it,  Integrated 
value  was  chosen.  The  3 methods  utilized  were  based  upon  PISS  telemetry 
data  of  astronaut  heart  rate,  astronaut  oxygen  consumption,  and  astronaut 
LCG  inlet  temperature  and  LCG  heat  removal.  The  procedures  that  were 
utilized,  including  general  background,  results,  accuracy,  and  significance 
are  reported  in  detail  in  the  Apollo  Experience  Report  - Assessment  of 
Metabolic  Expenditures  (Appendix  E) . 

The  LCG  method  that  W£.s  used  involved  the  utilization  of  the  parametric 
predictions  shown  in  Figures  3-91  to  3-93  of  Series  D.  These  and  similar 
predictions  were  Implemented  on  the  RTCC.  The  PLSS  uolemetry  data  of  LCG 
heat  removal  and  inlet  temperature  were  transmitted  from  the  lunar  surface 
and  used  as  Input  to  the  RTCC  computer  program,  which  th^n  provided  real- 
time estimates  of  astronaut  metabolic  rate  during  each  EVA,  ba'jed  upon  LCG 
performance  (Figure  2-6). 

The  method  may  be  illustrated  by  examining  some  of  the  real-time 
results  of  the  Apollo  missions  (see  Table  E2,  Appendix  E)  superimposed  on 
parametric  curves  typical  of  those  used  on  the  RTCC  computer  program. 

Figure  3-97  shows  the  live  data  with  the  parametric  predictions  and  comfort 
band  utilized  for  those  EVAs  during  which  the  net  environmental  heat 
exchange  was  approximately  zero.  This  was  usually  the  case  ^ or  the  CTAs 
the t occurred  when  the  sun  angle  was  low,  and  the  lunar  surface  tempera- 
tures were  neither  excessively  hot  or  c(old,  such  as  EVA  1 of  Apollo  11, 

EVA  2 of  Apollo  12,  EVA  1 of  Apollo  15,  and  1 of  Apollo  17  (see 
Table  El,  Appendix  P').  For  those  EVAs  that  occurred  during  hotter  or 
colder  surface  conditions,  other  parametric  predictions  similar  to 
Figures  3-92  or  3-93  were  used. 
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As  the  real-^tiine  data  of  LCG  Inlet  temperature  and  heat  removal  rate 


%iere  received,  they  were  instantaneously  cross^plotted  on  the  curve  as 
shown.  Because  the  parametric  curves  sp:.*cify  a unique  relationship  between 
LCG  heat  removal  rate  and  metabolic  rate  each  LCG  inlet  temperature, 
an  estimate  of  metabolic  rate  was  contin*:on5?ly  available  from  the  data, 
and  was  displayed  on  Flight*-monitor  consoles  to  the  metabolic  assessment 
team  (Figures  El  and  L2,  Appendix  E) • 

Furthermore,  the  overall  rherraal  comfort  of  the  astronauts  was 
assessed  by  observing  the  extent  that  the  live  da'.a  fell  above  or  below 
the  comfort  band.  If  the  real-time  data  deviated  well-below  the  comfort 
band  for  prolonged  periods  of  (20  minutes  or  longer)  this  indicated 

that  the  astronaut  was  probabx>  an  LCG  inlet  temperature  that  was 

too  high  tor  the  specific  task  he  was  perronning.  Since  suca  a condition 
could  lead  o excess  body  ^eat  storage  and  performance  impairment,  it  was 
one  of  the  critical  safety  factors  monitored  closely  by  the  metabolic 
assessment  ^^am  and  the  flight  surgeon. 

Conversely,  if  the  data  deviated  above  the  comfort  band,  this  was 
indicative  of  inlet  temperatures  that  were  too  cold.  It  was  important  to 
detect  these  conditions  because  they  could  lead  to  peripheral  vasoconstric- 
tion, negative  heat  .storage  and  performance  impairment. 

In  the  event  that  the  real-time  data  fell  significantly  above  or 
below  the  comfort  band  (circled  points)  and  was  unchanged  or  stable  for 
longer  than  20  minutes,  the  metabolic  assessment  team  alerted  the  flight 
sur  I on,  who,  o»i  several  occasions,  requested  that  the  astronouc  change  his 
LCG-diverter  valve  setting  to  i;it:rease  or  decrease  his  LCx  cooling.  Tils 
r.eana  of  safety  monitoring  vra  deemed  necessary  because  the  nature  ol  the 
scientific  tasks  and  the  tight  schedulr  inquired  duiing  an  EVA  often  led 
to  conditions  whereby  an  astronaut  was  nr*’  iwar  of  his  own  thermal  comfort. 


In  addition  to  the  real-time  estimates  of  metabolic  rate  and  astronaut 


thermal  comfort  it  was  also  important  to  keep  track  of  tne  cumulative 
energy  expenditure  and  peak  energy  requirements  during  the  EVA.  The  RTCC 
computer  program  provided  this  by  integrating  the  instantaneous  values  of 
metabolic  rate  over  time,  and  by  recording  peak  energy  expenditures  in 
memory. 

During  the  actual  EVA,  the  flight  surgeon  had  to  be  ready  at  all  times 
to  make  recommendations  con  erning  the  advisability  of  continuir4g  or 
deviating  from  an  activity  in  the  mission  plan.  His  principal  concerns 
were  the  reserve  capacity  of  the  astronauts  and  their  physiological  status. 
The  physiological  status  was  based  upon  a variety  of  factors,  some  of  which 
wete  historical  In  nature,  and  some  of  which  were  real-time. 

The  historical  factors  included  such  things  as  the  extent  of  decondi- 
tioning resulting  from  3 days  of  weightlessness  during  translunar  coast, 
the  Individual  response  observed  during  pre-mission  training  for  specific 
activities,  the  pre-flight  physical  condition  of  each  astronaut,  and  the 
amount  of  exercise,  sleep  and  fatigue  observed  prior  to  the  E\^A. 

The  real-time  factors  included  instantaneous  metabolic  rate  and 
cimiulative  and  peak  energy  demands.  Data  on  excessively  high  heart  rates, 
ventilation  rates  and  heat  storage  were  also  recorded  and  related  to 
instantaneous  and  peak  energy  demands  as  part  of  the  total  consideration 
of  crew  status. 

Oata  on  cumulative  energy  expenditures  were  important  by  themselves 
in  that  they  were  directly  applied  in  the  determination  of  the  consumables 
usage  rateo  and  reserve  status.  The  usage  rate  of  these  consumables 
(oxygen,  subllmator  feedwater  s pply,  lithium  hydroxide,  and  battery)  was 
the  determining  factor  in  the  useful  life  of  the  PLSS  on  the  lunar  surface 
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and  vas  closely  related  to  the  cumulative  metabolic  energy  expenditure* 

This  ms  particularly  significant  in  the  case  of  the  sublimator  feedwater 
reserve,  which  piovided  LCG,  convective  and  PLSS  equipment  cooling,  because 
there  was  no  direct  measurement  of  the  feedwater  supply. 

The  instantaneous  and  v^ulative  meta^'^lic  energy  expenditures  also 
provided  essential  informatic  for  the  lunar  surface  activity  planners 
who  had  constructed  a schedule  of  crew  activities  based  upon  pre-fllg»*t 
estimafioTto  metabolic  rate  and  the  time  required  to  perform  each 

activity.  These  planners  were  responsible  for  modifying  the  activities 
and  scientific  tasks  in  real-time  if  the  actii;^!  tnetabollc  data  deviated 
from  the  pre-flight  predictions. 

As  mentioned  earlier^  3 Independent  methods  were  utilized  by  the 
metabolic  assessment  team  to  determine  a final,  integrated  metabolic  rate. 
Tikis  procedure  was  decided  upon  because  earlier  studies  indicated  several 
sources  of  uncertainty  in  each  method  when  used  individually.  The  heart 
rate  and  oxygen  consumption  methods  and  their  associated  errors  are 
discussed  in  detail  in  the  Apoilo  Experience  Report,  Appendix  E. 

The  calorimetric,  LCG  method  described  above  proved  to  be  a most 
accurate  and  reliable  indicator,  despite  the  fact  that  the  available 
calorimetric  data  from  the  PLSS  was  limited  to  LCG  inlet  and  outlet 
temperature  and  suit  gas  inlet  temperature. 

The  standard  by  which  the  accuracy  of  the  LCG  method  was  judged  was 
a post-EVA  heat  balance  analysis  of  the  total  llfc^^suppoi  l system  consum- 
ables remaining  Ir  the  PL^'^  at  the  conclusion  of  the  EVA.  Primarily,  the 
amount  of  PLSS  feedwater  lemaining,  coupled  to  an  estimate  of  environ- 
mental heat  exchange,  provided  an  accurate  determination  of  the  cumulative 
metabolic  expenditure.  This  calorimetric  apptoac.*  was  valid  because  the 


3-100 


PLSS  feedwater  was  used  In  the  subliroator  to  reject  the  heat  of  the  LCG 
and  the  convective  and  evaporative  heat  of  metabolfsra  (see  Figure  2-3). 
Therefore,  the  total  amount  of  PLSS  feedwater  used  was  directly  propor- 
tional to  the  total  astronaut  energy  expenditure.  The  usage  of  feedwater 
and  other  PLSS  consumables  of  interest  are  presented  in  Table  El  of 
Appendix  E. 

The  accuracy  of  the  LCG  program  was  judged  by  integrating  the  real- 
time estimates  of  metabolic  rate  over  time  for  the  EVA  duration  and 
comparing  this  cumulative  metahoiir  expenditure  with  the  post-EVA  heat 
balance  analysis  of  the  PLSS  based  upon  fetdvater  usage.  These  results 
are  presented  in  Table  3-6.  The  results  show  surprising  accuracy,  generally 
greater  than  90%,  and  further  serve  to  validate  the  trends  demonstrated  by 
the  test  data  and  the  mathematical  model  in  Series  D. 

The  errors  associated  \ Lth  the  LCG  method  in  Table  3-6  result  from 
several  uncertainties  in  the  data  and  in  the  metbod  itself.  Ideally,  the 
most  accurate  measurement  of  metabolic  rate  by  direct  calorimetry  would 
require  measurement  of  LCG  heat  removal,  sensible  and  latent  heat  removal 
by  the  surrounding  gas  stream,  net  environmental  heat  exchange  into  or 
out  of  the  pressure  suit,  and  energy  dissipated  as  mechanical  work. 

However,  the  available  PLSS  telemetry  data  were  limited  to  LCG  heat  removal 
(LCG  inlet  and  outlet  temperatures)  and  suit  gas  inlet  temperature. 

Fortunately,  the  largest  portion  of  metabolic  hea.  production  was 
removed  by  the  LCG,  and  the  mathematical  u*-  lei  of  human  thermoregulation 
described  in  Section  2 was  used  to  estimate  the  ♦■y  es  of  heat  removal 
that  were  not  directly  measured,  ’lowever,  each  of  these  estimates  had 
uncertainties  associated  with  them  that  contributed  to  the  tota^  t roi . 
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A second  source  o^  error  was  the  fact  that  the  estimate  of  metabolic 
rate  was  dependent  upon  proper  selection  of  the  LCG  inlet  temperature  by 
the  astronaut  in  accordance  with  his  thermal  comfort.  If  an  improper 
inlet  temperature  was  selected^  thereby  causing  subcooling,  or  inadequate 
cooling  with  heat  storage,  the  total  heat  removal  was  unequal  to  metabolic 
heat  production.  However,  in  this  case  the  estimate  was  still  useful 
because  it  provided  an  index  of  deviation  from  comfort  that  was  used  as 
a means  of  monitoring  crew  safety.  In  this  case,  consumables  usage  rate 
estimates  were  not  effected  since  they  depended  upon  accurate  determinations 
of  total  heat  removal  rather  than  metabolic  rate.  Furthermore,  errors  of 
this  type  were  usually  diminished  or  eliminated  as  the  EVA  grew  longer  in 
duration  since  the  astronauts  would  almost  always  correct  their  LCG  cooling 
to  maintain  thermal  comfort  as  time  accumulated. 

A third  source  of  error  occurred  during  the  transient  period  following 
a change  in  the  position  of  the  LCG  diverter  valve.  After  such  hange 
was  made,  the  LCG  inlet  temperature  changed  rapidly  and  required  several 
minutes  to  stabilize.  During  such  periods,  the  LCG  heat  removal  rate  alone 
was  used  to  estimate  metabolic  rate,  by  determining  the  intersection  of 
the  LCG  heat  removal  rate  with  the  comfort  band.  This  procedure  was  based 
upon  the  fact  that  the  LCG  heat  removal  data  did  not  change  as  rapidly  as 
the  inlet  temperature  and  that  over  large  time  periods,  the  average  LCG 
heat  removal  rate  was  proportional  to  thermal  comfort  in  the  manner  shown 
by  Figure  3-95.  This  is  described  in  more  detail  in  the  Apollo  Experience 
Report,  Appendix  E, 

A fourth  source  of  erior  occurred  during  transient  periods  following 
a step-rate  change  from  one  metabolic  rate  to  another.  As  previously  men- 
tioned, the  parametric  predictions  of  Figures  3-91  to  3-93  represent  steady- 
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state  results  during  which  metabolic  rate  and  total  heat  removal  were 
invariant • For  short  time  periods  over  which  the  latter  2 quantities  were 
actually  changing,  the  LCG  method  inaccurate  by  nature  of  its  steady- 
state  assumption.  However,  for  longer  time  periods,  the  results  again 
averaged  out  to  compensate  and  provided  accurate  mean  and  cumulative 
results.  The  time  required  to  dampen  out  such  errors  was  on  the  order 
of  20  to  30  minutes,  approximately  the  same  length  of  time  observed  for 
the  lag  time  between  heat  production  and  heat  dissipation  (see  Series  k 
Results) , 

The  consequence  of  this  lag  time  error  was  that  the  response  of  the 
LCG  method  in  estimating  metabolic  rate  was  slow.  However  the  estimates 
were  observed  to  begin  to  respond  almost  immediately  to  a change  in  meta- 
bolic rate, 

A final  source  of  error  was  the  Inherent  inaccuracy  of  the  LCG  heat 
removal  data.  This  was  dependent  upon  the  accuracy  of  the  LCG  inlet  and 
outlet  temperature  measurements  and  the  assumption  of  a constant  LCG  water 
flowrate. 

Despite  the  sources  of  error  described  above,  the  LCG  method  of 
estimating  metabolic  rate  provided  accurate  real-time  estimates  judged 
at  least  equal  to  or  better  than  the  other  independent  methods.  When 
integrated  with  the  other  2 methods,  these  results  provided  the  metabolic 
assessment  team  with  the  most  complete  and  accurate  iriformation  available 
for  monitoring  and  guiding  the  progress  of  the  EVA. 

The  metabolic  team  received  all  incoming  law  data,  processed  the  data 
in  accordance  with  the  best  real-time  estimates  for  values  of  the  unmeas- 
urable factors  involved,  used  the  result  obtained  from  each  of  the  indi- 
vidual methods  to  provide  correct icn  factors  for  the  other  methods 
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(such  as  LCG  flovrate,  net  environmental  heat  exchange  or  suit  oxygen 
leak  rate)  and  finally  provided  one  integrated  value  for  the  flight 
surgeon. 

It  was  realised  that  this  process  could  be  iterative,  and  that  updates 
could  cause  retrospective  changes  in  values  as  the  EVA  progressed.  However, 
after  completion  of  the  mission  and  post-flight  analysis  of  the  data,  a 
better  basis  for  planning  future  lunar  traverses  was  established. 

Accordingly,  the  results  from  the  Apollo  11  mission  were  used  to  plan 
rest  periods  and  establish  limits  on  heart  and  respiratory  rates  for 
Apollo  12.  These  results  led  to  an  extension  of  the  lunar  surface  stay- 
time  on  Apollo  12  without  loss  of  confidence.  Similarly,  the  experience 
and  Informat  jti  gained  from  preceding  missions  were  incorporated  into 
planning  subsequent  missions. 

For  exn^ple,  it  was  discovered  that  the  LCG  method  would  provide 
accurate  estimates  of  average  metabolic  rate  but  could  not  produce  accurate 
results  for  time  periods  less  than  20  minutes.  Conversely,  the  heart  rate 
method  was  sensitive  to  minute-by-minute  changes  in  metabolic  rate,  but 
was  very  Inaccurate.  Pv  correlating  these  methods  together,  it  was 
ultimately  possible  to  produce  accurate  minute-by-minute  prediction  of 
metabolic  rate  which  were  then  associated  with  individual  activities  of 
short  duration,  such  as  walking.  runnin'»,  digging  lunar  samples  or 
deploying  lunar  surface  experiments  (147). 

As  the  knowledge  and  information  base  gained  from  these  methods 
increased,  the  confidence  level  of  each  mission  increased.  The  ultimate 
va  . that  the  stay-times,  useful  work  accomplished  and  knowledge 
, : i Ics  on  the  lunar  surface  was  Increased  and  a high 

provided  with  optimum  safety. 


TABLE  3-1.-  SERIES  A - CALCULATED  DATA  AND  HEAT  BALANCE  (STEADY-STATE) 
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Legend 

O Rectal  temperature 

Q Mean  skin  temperature 

H Forehead  skin  temperature 

A Arm  skin  temperature 

L Leg  skin  temperature 

C Chest  skin  temperature 

B Back  skin  temperature 

S Total  body  heat  storage 

Model  predictions 

0. — o Test  data 

Conditions 

LCG  inlet  temperature  = 7®C 
Metabolic  rate  = 360  watts 

Figure  3-1.-  Predicted  and  actual  body  temperatures  and  heat  storage  vs  time 
for  cold  LCG  inlet  temperatures  and  low  metabolic  rates  (test  7). 
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Total  body  heat  storage,  watt-'hours 


Legend 

O Rectal  temperature 

O Mean  skin  temperature 

H forehead  skin  temperature 
A Arm  skin  temperature 

L Leg  skin  temperature 

C Chest  skin  temperature 

S Total  body  heat  storage 

Model  predictions 

© — ©Test  data 

Conditions 

LCG  inlet  temperature  = 7**C 
Metabolic  rate  = 61 J watts 

Figure  3-2,-  Predicted  and  acti.al  body  temperatures  and  heat  storage  vs  time 
for  cold  LCG  inlet  temperatures  and  high  metabolic  rates  (test  11). 
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Conditions 

LCG  in*et  temperature  = 16°C 
Metabolic  race  = 342  watts 


gure  3-3.-  Predicted  and  actui’  body  temperatures  and  heat  vs  tlm 
moderate  LCG  Inlet  temperatures  and  low  metabolic  rates  (test  4) 
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Figure  3-4.-  Predicted  and  actual  body  temperatures  and  heat  storage  vs  time 
for  moderate  LCG  inlet  temperatures  and  high  metabolic  rates  (test  6). 
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3. 

Notes:  Numbers  near  data  points  indicate  total  body  heat  storage.  Values 
in  parenthesis  are  p« "dictions 

Flagged  data  points  ( Q,  ^ ) are  fiom  Santamaria  (112) 


Figure  3-5.-  Predicted  and  actual  steady-state  LCG  heat  removal  vs  metabolic 
rate,  for  various  LCG  Inlet  temperatures. 
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1 . Model  prediction  for  metabolic  rate  of  234  watts 

2 . Model  prediction  for  metabolic  rate  of  586  watts 
Note:  Flagged  data  ( <k,  ^ ^ ) are  from  Santamaria  (112) 

Figure  3-7.-  Ratio  of  LCG  heat  removal  rate  to  metabolic  rate  vs  LCG  inlet 

temperature. 
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Figure  Metabolic  rate  at  which  the  nset  of  sweating  occurs  vs  LCG  inlet 

temperature. 
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Note:  Flagged  data  ) are  from  Santamaria  (112) 

Figure  3-10.-  Ratio  of  evaporative  heat  loss  rate  by  active  sweat  to  metabolic 

rate  vs  LCG  inlet  temperature. 
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o 

= 16*C 

2. 

A 

= 24-26*C 

3. 

Evaporative 
heat  loss 
rate  by 
respiration 
only 

4. 

Note:  Flagged  data  q, are  from  Santamaria  (112) 

Figure  3-11.-  Predicted  and  actual  steady-state  total  evaporative  heat  loss 
rate  vs  metabolic  rate,  for  various  LCG  inlet  temperatures. 
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Legend 


Parameter 

Test  data 

Test  condition 

Mathematical 

symbol 

model  prediction 

Total 

Low  metabolic  rates 

evaporative 

(=  205-352  watts) 

heat  loss 

Moderate  metabolic 

ratio 

rates  410-498  watts) 

0 

High  metabolic  rates 
(=  527-615  watts) 

1 . Model  prediction  for  metabolic  rate  of  234  watts 

2 . Model  prediction  for  metaboli  ate  of  586  watts 
Note:  Flagged  . ^ta  ) are  from  Santamaria  (112) 

Figure  3-12.-  Ratio  of  total  evaporative  lieat  loss  rate  to  metabolic  rate  vs 

LCG  inlet  temperature. 
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Ratio  of  total  evaporative  heat  loss  rate  to  aietabollc  rate, 
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Figure  3-12.-  Concluded. 
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Legend 


Parameter 

Symbol 

Curve  fit  to  dafta 

Rectal 

temperature 

D 

1. 

Mean  skin 
tempersAure 

0 

2. 

Note:  Flagged  data  (Q , are  from  Santamaria  (112) 

Figure  3-13.-  Rectal  temperature  and  mean  skin  temperature  vs  LCG  inlet 

temperature. 
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Note:  Flagged  data  ( C^)  indicate  data  of  Santamaria  (112) 


Figure  3-14.-  Predicted  and  actual  steady-state  rectal  and  bean  skin  temperature 
vs  metabolic  rate  for  cool,  moderate,  and  warm  LCG  inlet  temperatures. 
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Figure  3-14.-  Concluded. 
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Active  sweat  rate,  grams/hr 


Legend 

m Te^  data  for  LCG  inlet  temp  ==  7X 
1 . Model  prediction 


o Te^  data  for  LCG  inlet  temp  = 16**C 
2 . Model  prediction 


32  34  36  38  40  42 


Rectal  temp, 

Figure  3-16.-  Predicted  and  actual  steady-state  sweat  rate  and  evaporative  heat 
loss  rate  due  to  sweating  vs  rectal  teiq>erature  for  LCG  inlet  temperatures  of 
7"  and  16*  C. 
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Active  sweat  rate,  giams/l-ir 


: Mean  skin  tempemture  data  for  LCG  inlet  temp  = 7 *C 

1 . Model  prediction 

: Mean  skin  temperature  data  for  LCG  inlet  temp  = 16 

2 . Model  prediction 


Change  in  mean  sktn  temp, 


Figure  3-17a.*  Predicted  and  actual  steady-state  sweat  rate  and  total 
evaporative  heat  loss  due  to  sweating  vs  change  In  mean  skin 
temperature. 


Active  sweat  rate,  grantt/^r 


Legend 

* : Rectal  temperature  data  for  LCG  inlet  temp  = 7 **C 
1 . Model  predication 

; Rectal  temperature  data  for  LCG  inlet  temp  = 16  **C 
— 2 . Model  prediction 


Change  In  rectal  temp, 

Figure  3-17be-  Predicted  and  actual  steady-state  sweat  rate  and  total  evaporative 
heat  loss  due  to  sweating  vs  change  In  nxtal  temperature. 
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Evaporative  heat  loss  rate  by  active  sweat,  watts 


Legend 

^ Test  data  for  LCG  inlet  temp  = 7*C 

- ■ 1 Model  prediction 

O Test  data  for  LCG  inlet  temp  = 16^C 

2 Model  prediction 

Figure  3-18.-  Actual  and  predicted  steady-state  active  sweat  rate  and 
evaporative  heat  loss  rate  due  to  active  sweating  vs  total  body  heat 
storage. 
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Figure  3-18.-  Concluded. 
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Evaporative  heat  loss  rate  by  active  sweat,  watts 


Tout  body  heat  storage,  watt-hours 


ParaiMtar 

Tott  dMa 
symbol 

Test  condition 

Mathematical 
model  piediction 

Total  body 
heal 

O 

LCG  inlet  temp 
= 7*C 

1. 

storaga 

O I 

= 16*C 

2. 

B ComfMt  band 


Figure  3-19*-  PreJicted  and  actual  total  body  heal  storage  vs  Trrtabolic  rate 
for  steady-state  conditions  during  test  series  A. 
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Parameter 

Test  data 
symbol 

Legend 

Test  condition 

Mathematical 
model  prediction 

LCG  heat 

LCG  inlet  temp 

1. 

removal 

= 7*C 

rate 

m 

= 12-13“C 

2. 

• 

= 18-1 9*C 

3. 

A 

= 24-26®C 

4 

Note:  Open  symbols  (0/0, 0,  A)  indicate  data  from  Series  A 

Figure  3-20«-  Predicted  and  actual  bceady-state  LCG  heat  removal  vs  metabolic 
rate,  for  various  LCG  inlet  temperatures. 
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LCG  h«it  removal  ratOi 


Figure  3-20.-  Concluded. 
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Legend 


Parameter 

Test  data 

Test  condition 

Mathematical 

symbol 

model  prediction 

LCG  heat 

4 

Low  metabolic  rates 

removal 

(=  278-351  watts) 

ratio 

▼ 

Moderate  metabolic 
rates  (410-497  watts) 

► 

High  metabolic  rates 
(=  528-586  watts) 

4 

Repeat  points- 
iow  and  moderate 
metabolic  rates 

1 . Model  prediction  for  metabolic  rate  of  293  watts 

2 . Model  prediction  for  metabolic  rate  of  586  watts 

Kote:  Open  symbols  ^ ) indicate  data  of  Series  A. 

Figure  3-21.-  Ratio  of  LCG  heat  removal  rate  to  metabolic  rate  vs  LCG  inlet 

temperature. 
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Figure  0-22 •-  Predicted  total  body  heat  storage  vs  metabolic  rate  for  steady- 

state  conditions  during  Series 
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Figure  3-22.-  Concluded. 
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Legend 


Parameter 

Test  data 

Test  condition 

Mathematical 

model  prediction 

Evaporative 

LCG  inlet  temp 

1. 

boat  loss 

♦ 

= 71: 

rale  by 

= 12-13t 

active  sweat 

• 

= 18-19*C 

3. 

A 

= 24X 

4. 

Note:  Open  symbols  (0, 0/  O ) indicate  data  of  Series  A 

Figure  3-23.-  Predicted  and  actual  steady-state  evaporative  i’eat  loss  rate  by 
active  sweat  vs  metabolic  rate,  for  various  LCG  inlet  temperatures. 


3-144 


Active  sweat  rate,  grants^ 


Ratio  of  total  evaporative  heat  loss  rate  by  active  sweat  to  metabolic  rate,  % 


120  T 


100  4 


80  4 


60 


40  4 


20 


0 


Parameter 

Test  data 
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Legend 
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Mathematical 
model  prediction 

Sweat  heat 
loss  ratio 

< 

Low  metabolic  rates 
(=  278-351  watts) 

w 

Moderate  metabolic 

▼ 

rates  410-497  watts) 

► 

High  m^abolic  rates 
(=  527-586  watts) 

1 . Model  prediction  for  metabolic  rate  of  293  watts 

2 . Mr  Jel  prediction  for  metabolic  rate  of  586  watts 

Note:  Open  symbols  (O,  O)  indicate  data  of  Series  A. 
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50 


Figure  3-25.-  Ratio  of  evaporative  heat  loss  rate  by  active  sweat  to  metabolic 

rate  vs  LCG  inlet  temperature. 
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Legend 


Paramrter 

Test  data 

Test  condition 

Mathematical 

symbol 

model  prediction 

Tout 

LCG  inlet  temp 

1. 

evaporative 

• 

= 7®C 

heat  loss 

= 12-13*C 

rate 

C • 

• 

= 18-19“C 

3. 

A 

= 24®C 

4. 

Evaporative 
heat  loss  rate 
due  to  res- 
piration only 

5. 

Note:  Open  symbols  (O,  cst  O ,dk)  indicate  data  of  Series  A. 

Figure  3-26,-  Predicted  and  actual  steady-state  total  evaporative  heat  loss 
rate  vs  metabolic  rate,  for  various  LCG  Inlet  temperatures. 
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Legend 

Parameter 

Test  data 
symbol 

Test  condition 

Mathematical 
model  prediction 

Total 

evaporative 
heat  loss 
ratio 

V 

1 

Low  metabolic  rates 
(=278-351  watts) 

Moderate  metabolic 
rates  (=  410-497 watts) 

► 

High  metabolic  rates 
(=■  527-586  watts) 

1 . Model  prediction  for  metabolic  rate  of  293  watts 

2 . Model  prediction  for  metabolic  rate  of  5U6  watts 


Note:  Open  symbols  (<I , V , t> ) indicate  data  of  Series  A. 

Figure  3-27*-  Ratio  of  total  evaporative  heat  loss  rate  to  metabolic  rate  vs 

LCG  inlet  temperature. 
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Ratio  of  total  evaporative  heat  Ic. 
rate  to  metabolic  rate,  % 


Legend 
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Test  data 
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Test  condition 

LCG  Iniet 
water  temp 

Test 

subject 

Regression  curve  fit  to  LCG  heat 
removal  data 

LCG  heat  I 
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Symbol: 

Type  of  fit:  Second  order 
Correlation  coefficient:  .39 
Equation  of  curve: 

Y = -182  + 1.397X-.0016X 
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Figure  3-28a.-  Regression  curve  fit  to  test  data  for  LCG  heat  removal  rate  and 
total  evaporative  heat  loss  rate  vs  metabolic  rate. 
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T est  data 
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LCG  inlet  temp 

Parameter 

T est  data 
symbol 

Error  in 

• 

= 7X 

Errorin 
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= 18-19®C 
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heat  loss 
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^ 24»C 


: Curve  fit  to  LCG  error 


Curve  fit  to  totai  evaporative 
heat  loss  error 


Notes:  Positive  error  indicates  under-prediction;  negative  error  indicates  over-prediction. 
Flagged  values  (^,  etc)  indicate  data  of  Series  A. 


w . . / lest  data-model  predictions^  ^ . 

Figure  3-28b.-  Mod  *1  error  (=  r— r; — ) vs  metabolic  rate 

® Metabolic  rate 

for  LCG  and  total  evaporative  heat  loss  rate  predictions. 
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Figure  3-32a.-  Head  core  (tympanic)  temperature  (upper  curve)  and  mean  skin 
temperature  (lower  curve)  vs  tinK  for  test  sequences  9 and  10. 


Figure  3-32b.-  Total  body  heat  storage  vs  time  for  test  sequences  9 and  10. 
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LCG  heat  removal , watts 


Legend 
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Note:  LCG  inlet  temperature  constant  at 
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Figure  3-33.-  Predicted  and  actual  steady-state  LCG  heat  removal  vs  metabolic 

rate,  for  various  LCG  water  flowrates. 
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Legend 


Paraineter 

Test  data  ! 
symbol 

Test  condition 

Mathematical 
model  prediction 

LCG  heat 

Low  metabolic  rates 

1. 

removal 

(352  watts) 

ratio 

Moderate  metabolic 

2. 

V 

rates  (469  watts) 

fs 

tiigh  metabolic  rates 

3. 

(=586  ‘watts) 

Figure  3-34.-  Ratio  of  LCG  heat  removal  rate  to  metabolic  rate  vs  LCG  water 

flowrate. 
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lie  rate. 
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Test  data 
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Legend 

Test  condition 

Mathematical  model 
prediction 

Total  body 

LCG  water  flowrate 

heat 

= 0 <Iters/hr 

1. 

storage 

1 

= 27  itters/hr 

2. 

■ 

= 55  llters/hr 

3 

r 

= 82  llters/hr 

4 

Comfort  band 


Figure  3-35.-  Predicted  and  actual  total  body  heat  storage  vs  metabolic  rate 
for  steady-state  conditions  during  Series  C, 
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Evaporative  heat  loss  rate  by  active  sweat/  watts 


Legend 
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Metabolic  rate,  watts 

Figure  3-37,-  Predicted  and  actual  steady-state  evaporative  heat  loss  rate  by 
activb  sweat  vs  metabolic  rate,  for  various  LCG  water  flowrates. 
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Ratio  of  evaporative  heat  removal  by  active  sweat  to  metabolic  rate. 
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Mathematical 
model  prediction 


Legend 

T est  data  T est  condition 
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Sweat  heat  ^ Low  metabolic  rates  --  1. 

loss  ratio  (352  watts) 
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LCG  water  flowrate,  liters/'hr 

Figure  3-38.-  Ratio  of  evaporative  heat  loss  rn’.e  by  active  sweat  to  metabolic 

rate  vs  LCG  water  flowrate. 
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Total  evaporative  heat  loss  rate,  watts 
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Legend 
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= 55  Iit0s/hr 

3. 

= 0 liters/hr 
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Figure  3-39.-  Predicted  and  actual  steady-state  total  evaporative  heat  loss 
rate  vs  metabolic  rate,  for  various  LCG  water  flowrates. 
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Legend 
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Test  condition 

Mathematical 
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model  prediction 

T otal  evap- 
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1. 
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loss  ratio 

V 

Moderate  metabolic 
rates  (469  watts) 

2. 

0 

High  metabolic  rates 
(=586  watts) 

3- 

Figure  3-40. - Ratio  of  total  evaporative  heat  loss  rate  to  metabolic  rate  vs 

LCG  water  flowrate. 
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Legend 
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Test  data 
symbol 

Curve  fit  to 
test  data 

Tympanic 

Q 

(head  core) 

1. 

temperature 

Mean  skin 

temperature 

O i 

2. 

Figure  3-41,-  Tympanic  (head  core)  and  mean  skin  temperature  vs  LCG  water 

flowrate. 
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Figure  3-41.-  Concluded. 
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Legend 
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Test  condition 

Model  prediction 

LCG  water  flowrate 
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(head  core) 

0 

All  flowrates 
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temperature 

Mean  skin 

0 
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2. 

temperature 

m 

27  liters/hr 

3. 

0 

55  llters/hr 

4. 

0 

82  llters/hr 

5. 

Figure  3-42,-  Predicted  and  actual  steady-state  tympanic  (head  core)  and  mean 
skin  temperature  vs  metabol'‘c  rate  for  various  LCG  water  flowrates. 
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Legend 
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Note:  J9  = data  of  Series  A for  LCG  flowrate  of 
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Figure  3~43.-  Predicted  and  actual  steady-state  sweat  rate  and  evaporative 
heat  loss  rate  due  to  sweating  vs  mean  skin  temperature  for  various  LCG 
water  flowrates. 
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Legend 
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Note:  - > > data  of  Btnzinger  for  no  skin  cooling  ( 6 ) . 
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Figure  3^44 Predicted  and  actual  steady-state  sweat  rate  and  evaporative  heat 
loss  rate  due  to  sweating  vs  tympanic  (head  core)  temperature  for  various  LCG 
water  flowrates* 


3-175 


Legend 
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Test  condition 

Model  prediction 

LCG  water  flowrate 

Sweat  rate 

0 

0 liters/hr 

1. 

(and  sweat 
heat  loss 
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82  liters/hr 

4. 

Figure  3-45.-  Predicted  and  ac.ual  steady-state  sweat  rate  and  evaporative  heat 
loss  rate  due  to  sweating  vs  change  in  mean  skin  temperature  for  various  LCG 
water  flowrates. 
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Legend 
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Model  prediction 

LCG  water  flowrate 
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4. 

Figure  3-46.-  Predicted  and  actual  steady-state  sweat  rate  and  evaporative  heat 
loss  rate  due  to  sweating  vs  change  in  t3nnpanlc  (head  core)  temperature  for 
various  LCG  water  flowrates. 
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Figure  3-A7*-  Actual  and  predicted  steady-state  sweat  rate  and  evaporative  heat 
loss  rate  due  to  active  sweating  vs  total  body  heat  storage. 
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S«cclon  2.  S.  Sec  Eqn.  14,  Apper.dlx  C;  6.  Sec  Eqn.  3,  Section  2;  7,  See  Eqn.  1,  Figure  2-2.  8.  See  Eqn.  3,  Section 
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Figure  3-55b.-  Total  body  heat  storage  vs  time  for  test  1* 
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Figure  3-56a.-  Head  core  (tympanic)  temperature  (upper  curve)  and  mean  skin 
temperature  (lower  curve)  vs  time  for  test  2. 
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re  3-56b.-  Total  body  heat  storage  vs  time  for  test  2. 
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otai  body  heat  storage,  watt-hours  ^ Mean  skin  temp,  °C  Head  core  temp, 


3-5 7a,-  Head  core  (tympanic)  temperature  (upper  curve)  and  mean  skin 
temperature  (lower  curve)  vs  time  for  test  3, 


li^;ure  3-57b,-  Total  body  heat  storage  vs  time  for  test  1. 
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Total  !jody  heat  storage,  watt-l>ours  ^ ""C  Head  core  temp 


3-58a«-  Head  core  (tympanic)  temperature  (upper  curve)  and  mean  skin 
temperature  (lower  curve)  vs  time  for  test  A* 
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Figure  3-58b#-  Total  body  heat  storage  vs  time  for  test  A* 
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Figure  3-59a.^  Head  core  (tympanic)  temperature  (upper  curve)  and  mean  skin 
temperature  (lower  curve)  vs  time  for  test  5. 
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Figure  3-39b.“  Totc.1  body  heat  storage  vs  time  for  t . 5. 
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3*^Ca»-  Head  core  (tympanic)  temperature  (upper  curve)  and  mean  skin 
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F’gure  3-60b.-  Total  body  1 . f.  st — age  vs  time  for  test  6, 
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3-bla.-  Head  core  (t3nnpanic)  temperature  (upper  curve)  and  mean  skin 
te^^perature  (lower  curve)  vs  time  for  test  7* 
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Figure  3“61b.-  Total  body  heat  storage  vs  time  for  test  7. 
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Figure  3-66c 
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Figuro  3-*67a.~  LCG  inlet  temperature  selected  by  test  subject  vs  time  for  test  6* 
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Figure  3-67b.“  Total  body  heat  storage  rate  time  for  test  6* 
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Figure  3-67c.-  LCG  heat  removal  rate  vs  t-^me  for  test  6. 
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Figure  3-(i8a.-  LCG  inlet  temperature  selected  by  test  subject  vs  time  for  test  7. 


Figure  3-68b.-  Total  body  beat  storage  rate  vs  time  f^r  rest  7. 
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Figure  3-69a,-  Total  evaporative  heat  loss  rate  vs  time  for  test  1. 
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Figure  3-75a,-  Total  evaporative  heat  loss  rate  vs  time  for  test  7. 


Figure  3-75b.-  Evaporative  heat  loss  rate  due  to  active  sweat  vs  time  for  test  7# 
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Figure  3-76,-  Metabolic  rate,  heat  removal,  and  body  heat  storage  rate  for 
behavioral  response  to  body  heat  storage  and  anticipatory  behavioral 
response. 
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LCG  heat 
removal 

Net  environmental 
heat  gain  = 65  - 79 
watts  into  suit 

p 

Net  environmental 
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heat  loss 
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into  suit 

Model  prediction  for 
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Model  prediction  for 
^ environmental  heat 

loss  of  72  watts 
out  of  suit 

Figure  3-78,-  Predicted  and  actual  steady-state  LCG  and  total  evaporative  heat 
removal  rates  vs  metabolic  rate  for  hot,  cold,  and  neutral  environments  and 
cold  LCG  inlet  temperatures  (7°  to  9°  C). 
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loss  = bl-72  watts  out 
of  suit 

Net  environmental  heat 

• 

loss  ~ 35  watts  out  of 

LCG  heat 

suit 

removal 

/» 

Net  environmental  heat 
gain  = 65-79  watts 
into  suit 

Net  environmental  heat 

gain  = 117-137  watts 
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/? 

1 . Model  prediction  for  environmental  heat  gain  of  126  watts 

into  suit 

2 . Model  prediction  for  environmental  heat  gain  of  0 watts 

3.  Model  prediction  for  environmental  heat  loss  of  72  watts 

out  of  suit 

Figure  3-79.-*  Predicted  and  actual  steady-state  LCG  and  total  evaporative  heat 
removal  rates  vs  metabolic  rate  for  hot,  cold,  and  neutral  environments  and 
moderate  LCG  Inlet  temperatures  (]3®  to  16®  C) • 
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Legend 
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Net  environmental  heat 
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Net  environmental  heat 

• 

loss  = 35  watts  out  of 
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1 . Model  prediction  for  environmental  heat  gain  of  126  watts 

into  suit 

2 . Model  prediction  for  environmental  heat  gain  of  0 watts 

3.  Model  prediction  for  environmental  heat  loss  of  72  watts 

out  of  suit 


Figure  3-80a.-  Predicted  and  actual  steady-state  LCG  heat  removal  rate  vs 
metabolic  rate  for  hot»  cold^  and  neutral  environments,  and  warm  LCG 
inlet  temperatures  (19®  to  22®  C). 

Figure  3-80b«-  Predicted  and  actual  steady-state  total  evaporative  heat  loss 
rate  vs  metabolic  rate,  for  hot,  cold,  and  neutral  environments  and  warm 
LCG  inlet  temperatures  (19®  to  22®  C). 
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Figure  3-80b.-  Concluded. 
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3. 

Figure  Steady-state  LCG  and  total  evaporative  heat  removal  rates  ve  net 

environmental  heat  gain,  for  constant  metabolic  rates  and  LCG  inlet 
temperatures. 
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Figure  3-82.-  Predicted  .change  in  LCG  and  total  evaporative  heat  removal  rates 
vs  net  environmental  heat  gain  or  loss,  for  constant"  metabolic  rates  and  LCG 
inlet  temperatures. 
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Figure  3-83.-  Predicted  and  actual  steady-state  LCG  he 
zero  environmental  effects,  vs  metabolic  rate,  for  v 
temperatures. 
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LCG  inlet  temp.,  °C 

Figure  3-8A.-  Ratio  of  LCG  heat  removal  rate  to  metabolic  rate  vs  LCG  inlet 

temperature. 
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Figure  Predicted  and  actual  steady-state  total  evaporative  heat  loss 

rat'  normalized  to  zero  environmental  effects,  vs  metabolic  rate,  for 
various  LCG  inlet  temneratures. 
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Figure  3-86.-  Ratio  of  total  evaporative  heat  loss  rate  to  metabolic  rate  vs 

LCG  inlet  temperature. 
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Figure  3-88.-  Ratio  of  evaporative  heat  loss  rate  by  active  sweat  to  metabolic 

rate  vs  LCG  inlet  temperature. 
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Typo  of  fit:  Second  order 
Correia  ion  coefficient:  .90 

liquation  of  curve: 

Y = 93.2  + .034X  .00093X^ 

Figure  3-89a.-  Regression  curve  fit  to  test  data  for  LCG  heat  removal  rate  vs 

metabolic  rate. 
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Correlation  coefficient:  .65 

Equation  of  curve* 

Y = -55+  .SIX  - .OOSX^ 

Figure  3-89b.“  Regression  curve  fit  to  data  for  total  evaporative  heat  loss 

rate  vs  metabolic  rate. 
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Figure  3-89c.-  Model  error  (=  r — ^ ) vs  metabolic  rate 
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for  LCG  and  total  evaporative  heat  loss  rate  predictions. 


3-230 


Error  CTe^t  data - 

model  predictions'  Total  cvapor<itivc 


500 
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Figure  3-89b.-  Concluded. 


Figure  3-89c.-  Concluded. 
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Figure  3-90,-  Total  body  heat  storage  vs  metabolic  rate  for  steady-state 

conditions  during  Series  D, 
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Figure  3-91a.-  Predicted  steady-state  LCG  heat  removal  rate,  heat  storage,  and 
comfort  band  vs  metabolic  rate,  for  neutral  environments  (0  watts  into  suit) 
and  various  LCG  inlet  temperatures. 
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Figure  3-91b.-  Predicted  steady-state  total  evaporative  heat  loss  rate,  heat 
storage,  and  comfort  band  vs  metabolic  rate,  for  neutra’  environments 
(0  watts  into  suit)  and  various  LCG  inlet  temperatures. 
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Figure  3-92a,~  Predicted  steady-state  LCG  heat  removal  rate,  heat  storage,  and 
comfort  band  vs  metabolic  rate,  for  cold  environments  (72  watts  out  of  suit) 
and  various  LCG  inlet  temperatures. 
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Figure  3~92b.*  Predicted  steady-state  total  evaporative  heat  loss  rate,  heat 
storage,  and  comfort  band  vs  metabolic  rate,  for  cold  environments  (72  watts 
out  of  suit)  and  various  LCG  inlet  temperatures. 


Legend 

Model  prediction  for 
LCG  inlet  temp 


1.  = 5®C 

2.  = 10*C 

3.  = 16“C 

4.  =21®C 

5.  = 27®C 


Note:  Numbers  above  curve  indicate 
body  heat  itorage. 

Model  prediction  of 
comfort  band 


Figure  3-93a.-  Predicted  steady-state  LCG  heat  removal  rate,  heat  storage,  and 
comfort  band  vs  metabolic  rate,  for  hot  environments  (126  watts  into  suit) 
and  various  LCG  inlet  temperatures. 
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Figure  3-93b,-  Predicted  steady-state  total  evaporative  heat  loss  rate,  heat 
storage,  and  comfort  band  vs  metabolic  rate,  for  hot  environments  (126  watts 
into  suit)  and  various  LCG  inlet  temperatures. 
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Figure  3-94.-  Predicted  and  actual  steady-state  LCG  inlet  temperatures  selected 
for  comfort  vs  metabolic  rate»  for  net  environmental  heat  exchange  between  72 
watts  out  of  suit  to  137  watts  into  suit. 
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Figure  3-94.-  Concluded. 
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Figure  3^95.-  Predicted  and  actual  steady-state  LCG 
metabolic  rate  for  net  environmental  heat  exchange 
suit  to  137  watts  into  suit. 
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Figure  3-95.-  Concluded. 
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Figuie  3-96.-  Predictea  and  actual  steady-state  total  evaporative  heat  loss 
rate  at  comfort  vs  metabolic  rate  for  net  environmental  heat  exchange 
between  72  watts  out  of  suit  tc  137  watts  into  suit. 
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Figure  3-96.-  Concluded. 
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See  Table  E2,  Appendix  E 

Figure  3-97. • Rea]  time  (live)  Apollo  EVA  data,  superimposed  on  a typical  RTCC 
paramedic  curve  of  LCG  heat  removal  rate  vs  metabolic  rate  for  neutral 
envirom ents  (zero  environmental  heat  exchange). 
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TABLE  3-6.-  COHPARISON  OF  REAL  TIME  MODEL  PREDICTIONS  WITH  ACTUAL  POST-EVA  RESULTS 
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4 


DISCUSSION 


COKFORT  CORRELATIONS 

The  relationships  that  have  thus  far  been  devel'>ped  between  LCG 
cooling^  evaporative  heat  loss,  and  other  physiological  parameters  repre- 
sent results  for  both  comfort  and  off -comfort  conditions.  It  now  remains 
to  refine  the  results,  by  making  use  of  comfort  zone  guidelines,  to  d Ive 
a final  series  of  expressions  for  LCG  performance  and  sweating  at  C's^mfort. 
This  can  be  accomplished  by  using  only  the  data  points  associated  with 
thermal  comfort.  They  are  determined  primarily  by  selecting  test  points 
of  Series  A-D  for  which  total  body  heat  storage  falls  near  or  within  the 
comfort  band  of  Figures  3-19,  3-22,  3-35,  and  3-90.  This  includes  almost 
all  of  the  data  of  Series  D and  considerable  data  from  the  other  test 
series. 

The  data  points  used  for  the  final  correlations  are  shown  in  Table  D7 
of  Appendix  D.  The  final  correlations  were  made  by  performing  a regression 
curve  fit  and  error  analysis  (150)  on  the  comfort  points,  in  which  data 
points  with  a standard  error  greater  than  2 S.E.  were  rejected.  The  regres- 
sion curve  and  data  were  then  compared  with  the  predictions  of  the  mathe- 
matical model.  Th  '^e  results  are  shown  in  Figures  4-1  to  4-4.  All  of 
the  relationships  shown  are  for  zero  net  environmental  heat  exchange. 
Environmental  effects  upon  LCG  and  evaporative  heat  removal  data  have 
been  eliminated  by  the  procedure  outlined  in  the  Series  D results. 

Figure  4-1  shows  the  data  and  regression  curve  fit  for  LCG  inlet 
temperatures  selected  at  comfort  vs.  metabolic  rate.  The  comfort  band 
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prediction  of  the  mathematical  model  is  shown  by  the  clear  overlay  pre- 
ceding Figure  4-1.  The  regression  curve  fit  Is  second  order  and  the 
equation  of  the  curve  is: 

T.  - = -3.33  X 10~^  (Met. Rate) ^ - .0118  (Met. Rate)  + 2i.l. 

inlet 

The  correlation  coefficient  is  0.89  and  the  standard  error  of  the  fit  is 
+2.6°C. 

The  scatter  in  the  data  is  attributable  to  the  fact  that  selection  of 
inlet  temperature  was  usually  limited  to  a coarse  range  of  cool,  moderate 
or  warm  rather  than  a fine  range.  Also,  it  was  not  possible  to  adjust 
inlet  temperature  data  for  environmental  effects  as  was  done  for  heat 
removal  data.  Nevertheless,  the  regression  curve  falls  nicely  within  the 
band  predicted  by  the  mathematical  model,  except  at  the  lowest  metabolic 
rates  (146  watts). 

The  reason  for  variation  at  low  metabolic  rates  and  higi^  inlet 
temperatures  can  be  traced  to  the  cooling  characteristics  of  the  LCG. 

As  mentioned  in  the  Series  A results,  the  Apollo-LCG  efficiency  depends 
upon  the  formation  of  a sweat  layer  in  the  nylon  mesh  that  connects  the 
LCG  tubes.  The  sweat  layer  forms  a conductive  pathway  between  LCG  cubes 
that  acts  to  increase  the  heat  transfer  coefficient.  Since  minimal  sweat- 
ing would  be  expected  from  subjects  who  begin  working  at  low  metabolic 
rates  and  high  inlet  temperatures,  it  follows  that  the  conductive  pathway 
would  be  reduced  under  these  conditions,  with  a resulting  drop  in  the 
LCG  heat  transfer  coefficient.  This  is  the  trend  shown  by  the  data  of 
Figures  3-6  and  3-77  at  high  inlet  temperatures. 

On  the  other  hand,  if  the  subject  selects  high  inlet  temperatures  at 
low  metabolic  rates  following  exercise  periods  at  high  work  rates,  a sweat 
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layer  and  conductive  pathway  between  LCG  tubes  may  already  have  been 
e tablished.  This  would  result  in  a higher  LCG  heat  transfer  coefficient 
and  more  heat  removal.  The  variability  that  can  result  from  these  factors 
makes  It  difficult  to  identify  valid  test  points  at  very  low  metabolic 
rates.  Consequently,  many  of  the  later  data  were  not  utilized  in  the 
correlations. 

The  results  of  Figure  A-1  show  that  at  constant  LCG  flowrates  of 
109  liters/hr,  inlet  temperatures  selected  by  test  subjects  will  decrease 
almost  rectilinear ly  as  metabolic  rates  increase.  The  effect  of  decreased 
inlet  temperatures  will  be  an  increase  in  LCG  heat  removal  to  compensate 
for  the  increased  ^eat  production  at  higher  metabolic  rates.  If  LCG  inlet 
temperatures  are  fixed,  increased  LCG  hv*at  removal  can  also  be  achieved 
by  providing  higher  LCG  flowrates.  (For  reference  purposes,  mathematical 
model  predictions  are  shovm  in  Figure  4-5  for  fixed  LCG  inlet  temperatures 
of  7 and  17®C  with  variable  water  flowrates.) 

The  results  of  Figure  4-1  provide  a guideline  for  achieving  thermal 
comfort  over  a wide  range  of  metabolic  rates  for  subjects  wearing  an  LCG. 
The  r.OTfort  inlet  temperature  correlation  shown  here  is  supported  by  the 
data  of  other  researchers  (also  shown  in  Figure  4-1),  despite  some  wide 
variations  in  their  testing  conditions. 

The  control  of  inlet  temperature  (or  flowrate)  to  maintain  comfort 
at  different  metabolic  rates  can  be  achieved  by  subject  control,  as  in  the 
PLSS,  or  by  means  of  an  automatic  controller  based  on  any  signal  propor- 
tl  o metabolic  rate.  Subject  control  of  inlet  temperature  offers  the 

advantage  of  simplicity.  However,  factors  such  as  preoccupation  with 
other  work  tasks,  or  Inexperience  with  LCGs  can  result  in  gross  errors  in 
cooling  control,  with  discomfort  and  thermal  stress  (23,  26,  30,  98,  156). 
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These  errors  are  not  always  Immediately  reversible.  For  examplOt  Che 
control  of  Inlet  temperature  In  response  to  heat  storage  noted  in  Series  D 
can  lead  to  transient  periods  of  high  body  heat  storage  and  discomfort. 
Conversely,  overcooling  at  work  onset  may  produce  vasoconstriction  and 
decreased  heat  extraction  with  cold  discomfort  i^lch  persists  long  after 
a lesser  coding  level  Is  resumed  (87,  148,  159). 

A major  problem  with  subjective  cooling  control  Is  timing.  Webb  (153) 
found  that  there  Is  a temporal  dissociation  between  heat  production  and 
heat  output  to  the  LCG.  There  is  a delay  following  a step  change  in  work 
rate  before  heat  output  reaches  a new  level.  Webb  (156)  also  found  that 
while  oxygen  uptake  and  heart  rate  showed  almost  immediate  stabilization 
to  levels  appropriate  to  the  new  metabolic  rate,  skin  temperature,  rectal 
temperature,  and  LCG  heat  removal  were  considerably  slower;  in  some 
Instances  requiring  nearly  an  hour  to  reach  their  new  equilibrium  values* 
These  findings  arc  consistent  with  the  results  of  Series  A,  were  the 
delay  time  was  observed  to  be  30  min  to  over  1 hr,  depending  upon  the 
degree  of  deviation  from  thermal  comfort.  The  delay  represents  an 
obligatory  period  of  heat  storage  after  the  onset  of  a new  metabolic  rate 
and  an  equal  period  of  destorage  at  the  termination  of  work.  This  suggests 
that  there  is  a resetting  of  the  set^polnts  of  the  regulatory  system, 
enabling  the  body  to  run  warmer  as  metabolic  rate  rises  (97,  153,  159,  160). 

The  thermal  control  problems  noted  above  may  be  lessened  if  the 
subject  controls  his  cooling  by  an  anticipatory  behavioral  response  as 
noted  in  Series  D,  or  by  the  use  of  an  automatic  control  system.  Fig- 
ures 4-1  and  4-5  may  be  used  as  a guide  in  the  design  of  an  automatic 
controller  that  would  continuously  monitor  metabolic  rate  and  adjust  LCG 
inlet  temperature  or  flowrate  accordingly. 


Several  researchers  have  investigated  automatic  LCG  cooling  control 
and  various  prototype  units  have  been  built  employing  principles  similar 
to  that  described  above.  Physiologic  signals  used  in  automatic  cooling 
control  have  included  oxygen  uptake  (140,  161),  heart  rate  (141),  skin 
temperature  (92,  130,  131,  141,  156),  and  sweat  rate  (87,  160)* 

Chambers  (31,  32)  built  and  tested  an  automatic  controller  that 
varied  LCG  inlet  temperature  in  a manner  inversely  proportional  to  evap- 
orative heat  loss*  He  used  a simplified  3-node  (skin,  muscle,  core) 
electrical  analog  model  to  correlate  his  results.  Extracting  the  LCG 
inlet  temperature  data  of  Chambers,  and  plotting  it  against  metabolic  rate 
instead  of  sweat  rate,  permits  a direct  comparison  with  the  results  of 
Figure  4-1.  Chambers*  results  superimposed  in  this  way  show  excellent 
agreement . 

Crocker,  Jennings  and  Webb  (37)  supplied  varying  LCG  inlet  tempera- 
tures to  test  subjects  in  response  to  their  subjective  feelings  of  comfort 
while  wearing  an  ApoHo-type  LCG  at  atmospheric  pressure.  Their  results 
are  also  consistent  with  Figure  4-1. 

Webb  and  coworkers  (155,  156)  built  several  automatic  LCG  controllers 
that  varied  LCG  x.ilet  temperature  in  response  to  oxygen  consumption,  heart 
rate,  skin  temperature,  rectal  temperature,  and  LCG,  or  total  heat  removal 
rate*  They  also  used  a 3-node  biothermal  model  to  correlate  their  data. 
Some  of  Webb*s  results  are  shown  in  Figure  4-1.  Again,  the  results  dem- 
onstrate the  same  trends. 

Before  conclu'^^ng  the  discussion  of  Figure  4-1,  two  additional  points 
should  be  made*  Firstly,  the  relationship  shown  between  LCG  inlet  temp- 
erature (also  LCG  flowrate)  and  metabolic  rate  has  been  derived  based 
upon  an  examination  of  body  heat  storage  at  comfort.  In  other  words. 
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Figure  4-1  expresses  the  relationship  between  Inlet  temperature  and 
metabolic  rate  for  body  heat  storage  values  constrained  to  the  heat 
storage  based  comfort  sone.  Therefore,  the  type  of  LCG  cooling  control 
expressed  here  Is  proportional  to  total  body  heat  storage,  a factor  not 
yet  considered  In  LCG  controller  design. 

Secondly,  these  results  represent  equilibrium  or  steady-state  condi- 
tions. No  attempt  has  been  made  to  predict  the  LCG  inlet  temperature 
selected  for  comfort  under  dynamic  conditions.  The  latter  has  been  a 
topic  of  investigation  by  Webb  (162). 

Figure  4-2  expresses  the  LCG  heat  removal  rate  required  to  maintain 
comfort  for  various  metabolic  rates.  This  relationship  is  the  same, 
irrespe'^tive  of  the  mechanism  used  to  remove  the  heat  in  the  LCG.  That  is, 
it  is  equally  valid  for  constant  LCG  flowrates  at  variable  inlet  tempera- 
tures or  constant  inlet  temperatures  at  variable  flowrates.  The  regression 
curve  fit  is  second  order  and  the  equation  of  the  curve  is: 

LCG  heat  removal  ^ 

required  for  comfort  * .00063  (Met. Rate)  + .257  (Met. Rate)  + 73.5. 

The  correlation  coefficient  for  the  curve  is  0.96  and  the  standard  error 
is  +31  watts.  It  should  be  noted  that  the  correlation  is  even  more  accurate 
than  that  of  Figure  3-89a.  This  is  a consequence  of  the  error  analysis 
and  the  deletion  of  data  points  that  fall  out  of  the  comfort  zone. 

The  predictions  of  th^ mathematical  model  for  zero  environmental  heat 
exchange  were  shown  in  Figure  3-91a  and  are  reproduced  for  convenience 
in  the  clear  overlay  preceding  Figure  4-2.  Again,  it  can  be  seen  that  the 
regression  curve  falls  within  the  prediction  band  of  the  mathematical 
model.  The  latter  result  is  truly  noteworthy  because  it  means  that  the 
i!ianner  in  which  a test  subject  regulates  his  LCG  for  comfort  can  be 
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accurately  predicted  by  the  mat hemat leal  model*  In  other  words*  the 
relationship  expressed  by  the  regression  curve  fit  can  be  predicted  on  a 
theoretical  basis*  The  model  does  this  by  utilizing  calculations  of  body 
heat  storage*  combined  with  the  comfort  zone  that  has  been  developed  here* 
The  results  of  3 other  investigations  in  which  LOG  heat  removal  was 
adjusted  (either  automatically  or  manually)  according  to  subjective  com* 
fort  are  also  shown  in  Figure  4*2.  Chambers*  Blackaby  and  Miles  (32) 
controlled  inlet  temperature  in  a manner  inversely  proportional  to  evap* 
orative  heat  loss  while  using  mean  skin  temperature  and  subjective  comments 
to  evaluate  comfort.  Their  data  agree  well  with  the  results  expressed 
here.  Troutman  (140,  141)  and  Webb  (155*  156)  automatically  controlled 
LCG  inlet  temperature  in  response  to  several  physiological  parameters  and 
used  the  limitation  of  sweating  below  100  g/hr  as  an  index  of  thermal 
comfort.  Their  data  also  show  good  agreement  with  the  present  results* 
although  they  both  used  a modified  Apollo*type  LCG* 

It  is  interesting  to  note  that  the  data  of  Troutman*  Webb*  and 
Chambt rs  are  in  agreement  with  Figure  4*2,  despite  the  fact  that  their 
experiments  were  conducted  at  atmospheric  pressure.  Apparently*  pressure 
has  little  effect  upon  LCG  heat  removal.  This  is  predicted  from  theore- 
tical considerations  of  the  heat  transfer  equations*  although  a slight 
effect  resulting  from  increased  evaporative  heat  loss  and  decreased  skin 
temperatures  at  altitude  is  a possibility. 

It  is  observed  from  Figure  4*2,  that  at  higher  metabolic  rates,  the 
: uationship  between  LCG  heat  removal  and  metabolic  rate  is  very  nearly 
ecti linear.  In  order  to  achieve  the  high  LCG  heat  removal  rates 
required  at  high  metabolic  rates*  it  is  necessary  to  use  low  LCG  inlet 
temperatures.  However,  if  inlet  temperature  becomes  too  low,  it  supresses 
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skin  temperature  enough  to  cause  vasoconstriction  (87»  148,  159).  This 
results  in  reduced  LCG  heat  r^oval  at  the  skin  surface.  Such  an  off- 
comfort  effect  would  be  manifested  by  the  LCG  heat  removal  cuive  "tailing 
off"  and  becoming  asymptotic  at  higher  metabolic  rates.  It  should  there- 
fore be  realized  that  the  rectlllnearity  of  Figure  4-2  at  high  metabolic 
rates  is,  in  itself,  an  indicator  of  thermal  comfort. 

Thermal  comfor:  at  high  metabolic  rates  is  predicated  upon  the  ade- 
quacy of  the  LCG  design  to  remove  heat  efficiently  under  these  conditions. 
For  example,  it  has  been  stated  that  the  tube  design  of  the  Apollo-LCG  has 
been  optimized  to  accommodate  peak  metabolic  rates  of  around  600  watts. 
Therefore,  it  would  be  expected  that  the  LCG  heat  removal  curve  would 
become  asymptotic  if  metabolic  rates  were  in  excess  of  this  value.  The 
result  would  be  inadequate  thermal  comfort.  Such  a condition  could  be 
prevented  by  a modified  LCG  utilizing  a greater  contact  surface  area  with 
the  skin.  Such  an  LCG  could  also  utilize  higher  inlet  temperatures  to 
remove  equivalent  amounts  of  heat,  thereby  reducing  the  possibility  of 
vasoconstriction. 

The  design  of  such  an  improved  LCG  is  an  example  of  the  potential 
usefulness  of  the  mathematical  model.  Figure  4-6  shows  the  predicted 
LCG  inlet  temperature  required  for  comfort  vs.  metabolic  rate,  for  LCGs 
of  varying  efficiency.  The  efficiency  is  expressed  by  the  overall  LCG 
heat  transfer  coefficient,  which  is  a function  of  tube  conductivity, 
contact  surface  area,  tube  shape,  tube  spacing,  water  flowrate  and  other 
: .aineters.  As  indicated  by  Figure  4-6,  an  LCG  designed  with  heat  removal 
bj  ncterlstlcs  superior  to  an  Apollo-LCG  could  utilize  significantly 
higher  inlet  temperatures. 
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The  latest  version  of  the  mathematical  model  is  currently  being 
refined  to  permit  parametric  adjustment  of  the  many  factors  affecting  the 
LCG  heat  transfer  coefficient,  in  order  to  achieve  a desired  level  of  LCG 
efficiency  anc’  thermal  comfort  commensurate  with  any  particular  set  of 
metabolic  and  environmental  requirements.  Such  an  improvement  will  ulti- 
mately allow  one  to  •'tailor  the  LCG  to  the  job*'  without  the  necessity  for 
costly  design  and  testing  studies. 

Figure  4-3  shows  the  final  correlation  between  total  evaporative 
heat  loss  rate  and  metabolic  rate.  The  regression  curve  fit  through  the 
data  is  second  order  and  the  equation  describing  evaporative  heat  loss  at 
comfort  is: 

Total  evaporative  heat  2 

loss  rate  at  comfort,  watts  - -.00074 (fie t. Rate)  + .818  (Met. Rate) 

- 79.5. 

The  correlation  coefficient  for  this  fit  is  0.88  and  the  standard 
error  is  +23  watts.  It  is  observed  that  the  correlation  is  significantly 
improved  over  the  corresponding  curve  in  Series  D (Figure  3-89b) , However, 
it  is  still  not  as  good  as  that  for  LCG  heat  removal,  simply  because  of 
the  nature  of  the  methods  used  and  the  difficulty  associated  with  determi- 
nations of  evaporative  heat  loss  rate.  Nevertheless,  the  correlation  is 
still  good,  and  the  limitation  of  evaporative  heat  loss  as  reflected  by 
the  asymptotic  behavior  of  the  data  is  strongly  evident. 

Evaporative  heat  loss  rate  did  not  exceed  200  watts  and  was  far  less 
than  LCr  heat  removal  rates  for  the  same  metabolic  rates.  Also,  the 
evaporative  heat  loss  rates  shown  are  much  lower  than  corresponding  rates 
that  might  be  expected  at  the  same  metabolic  rate  without  an  LCG,  This 
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is  a reflection  of  the  effect  of  the  LCG  in  reducing  sweat  rate  and  heat 
strain. 

The  prediction  of  the  mathematical  model  is  the  same  as  shown  In 
Figure  3-91b,  and  is  reproduced  on  the  clear  overlay  preceding  Figure  4-3. 
As  in  the  previous  correlations » the  regression  curve  fit  falls  within  the 
band  predicted  by  the  model.  Therefore,  the  model  Is  also  capable  of 
predicting  evaporative  heat  loss  rates  at  comfort  for  subjects  wearing  an 
LCG.  This  is  particularly  gratifying  because  it  again  confirms  a strong 
theoretical  basis  for  the  behavior  expressed  by  the  data. 

It  should  be  mentioned  that  the  correlations  of  Figures  4-2  and  4-3 
are  really  dependent  upon  the  type  of  LCG  used.  This  is  because  the  com- 
fort zone  utilized  to  affect  these  relationships  was  established  while 
using  an  Apollo-type  LCG.  Therefore,  the  heat  storage  associated  with 
comfort  may  be  quite  different  for  an  LCG  of  a radically  different  design, 
such  as  a head  cooling  garment.  However,  for  LCGs  similar  in  design  to 
the  Apollo-LCG,  these  correlations  are  accurate  and  can  be  used  to  express 
comfort  requirements.  This  also  applies  for  LCGs  with  improved  heat 
transfer  coefficients  (Figure  4-6)  because  these  only  alter  the  efficiency 
of  heat  removal,  not  the  heat  removal  requirements  for  comfort. 

One  final  point  pertaining  to  this  and  the  previous  figures  concerns 
the  effect  of  environmental  heat  exchange.  The  correlations  presented 
have  been  generated  for  conditions  of  zero  environmental  heat  exchange 
(neutral  environment).  As  delineated  in  the  results  of  Series  D,  the 
effect  of  a cold  environment  wou.d  be  to  provide  an  alternative  to  evap- 
orative heat  removal.  Consequently,  sweating  would  be  further  reduced  in 
a cold  environment.  Conversely,  a hot  environment  acts  to  partially 
negate  the  effectiveness  of  the  LCG  as  an  alternate  heat  removal  method 
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to  sweating.  Therefore » body  temperature  rise,  sweating  and  evaporative 
heat  removal  must  increase  to  compensate  for  the  decrease  in  LCG  effective-- 
ness.  The  magnitude  of  the  change  required  in  LCG  performance  in  order 
to  maintain  comfort  for  several  environments  ranging  from  hot  to  cold  can 
be  estimated  from  the  results  of  Series  D (Figures  3^94  and  3-95). 

The  final  correlation  (Figure  4-4)  shi'ws  sweat  rate  and  its  associated 
evaporative  heat  removal  rate  as  a function  of  metabolic  rate  at  comfort. 

The  data  were  determined  by  subtracting  evaporative  heat  loss  attributed 
to  respiration  and  passive  diffusion  from  total  evaporative  heat  loss 
rate.  A regression  fit  through  the  data  yields  a second  order  fit 
described  by  the  following  equation: 

Sweat  rate  at  ^ 

comfort,  g/hr  ~ -.0007  (Met.Rate)^'  + .655  (Met. Rate'  - 52.6. 

iit  has  a correlation  coefficient  of  0.78  and  a standard  error  of 
+26  g/hr*  Since  this  correlation  depends  heavily  upon  the  total  evaporative 
heat  loss  data  of  Figure  4-3,  it  is  to  he  expected  chat  it  would  suffer 
from  trie  same  sources  of  error,  with  the  final  correlation  coefficients 
being  quite  similar.  Nevertheless,  the  re.-ults  are  satisfactory,  especi- 
ally considering  that  determinations  of  evaporative  heat  loss  rate  and 
sweat  rate  are  tricky  propositions  at  host. 

The  predictions  of  the  mathematical  model  are  also  shown  on  the  clear 
overlay  preceding  Figure  4-4.  The  validity  of  the  relationship  expressed 
by  the  ib  we  comfort  sweat  equation  is  enhanced  by  the  fact  that  the 
re?^  n curve  and  the  data  fit  nicely  within  the  band  predicted  by  the 

tnooel  for  sw«\it  rate  at  comfort.  Thus,  the  physicl ogical  response  of 
sweating  vliile  wearing  an  LCG  under  comfort  conditions  is  accurately  pre- 
dicted hv  the  model.  Active  sweat  rate  is  limited  below  100  g/hr  over 
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the  entire  range  of  metabolic  rates  considered  and  appears  to  be  asymptotic 
to  this  value. 

This  result  may  be  compared  with  the  conclusion  of  Webb  and  Annis 
(159,  160),  who  set  100  g/hr  as  a desirable  upper  limit  for  total  moisture 
loss  consistent  with  subjective  comfort  while  wearing  an  LCG.  Their  data 
Included  insensible  transpiration  and  evaporative  losses  from  the  lungs, 
which  can  amount  to  one-half  the  total  moisture  loss  at  high  metabolic 
rates.  It  appears,  therefore,  that  the  results  of  Webb  and  Annis  may  have 
been  somewhat  lover  than  the  results  expressed  here.  However,  these 
investigators  have  acknowledged  the  conservatls  of  their  sweat  limits 
for  high  rates  ot  work  (156).  On  the  other  hand,  it  should  be  recognized 
that  their  experiments  were  conducted  at  atmospheric  pressure,  and  under 
these  conditions,  evaporation  rates  are  slightly  lower  than  at  altitude. 

Chambers,  Blackaby  and  Miles  (32)  also  associated  subjective  comfort 
at  high  metabolic  rates  with  sweat  rates  below  100  g/hr  and  decreased  skin 
temperatures.  Waligora  and  Michel  (149)  reported  similar  findings  in  an 
early  study  utilizing  a p .otype  Apollo-LCG.  Shvartz  and  Benor  (124) 
recorded  total  moisture  loss  rates  of  156  g/hr  for  subjects  selecting 
their  own  inlet  temperature  and  flowraie  in  accordance  with  subjective 
comfort  while  wearing  an  Apollo-type  LOG  at  moderate  metabolic  rates. 

In  addition,  many  other  investigators  have  reported  significant 
reductions  in  sweat  rate  while  wearing  a cooling  garment  other  than  the 
Apollo-LCG  (54,  77,  99,  122,  123,  165).  Many  of  these  authors  have 
utilized  a head-cooling  garment  or  a partial  body  cooling  garment,  but 
the  reduction  or  limitation  of  sweating  while  using  these  garments  has 
been  a consistent  observation. 
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The  Effects  of  the  LCG  on  Thermal  Comfort  and  Sweating 

An  important  factor  which  has  only  been  touched  upon  to  this  point 
is  a di<?cu3sion  of  thermal  comfort  and  sweating  for  subjects  with  and 
with  ut  an  LCG.  Several  authors  have  reported  results  in  which  high 
metabolic  rates  were  presumably  achieved  with  chen.ial  comfort  without  an 
LCG.  Metabolic  heat  was  removed  by  convective,  radiative  and  evaporative 
cooling  ali-ne 

Fanger  (49,50)  developed  regression  equations  correlating  thermal 
comfort  with  environmental  parameters  and  measured  physiological  responses. 
Thermal  comfort  was  based  upon  a subjective  scale  and  was  achieved  at 
moderate  work  rates  and  above.  This  was  accomplished  by  varying  room 
temperature,  relative  humidity,  wall  temperature  and  other  factors  in  such 
a way  as  to  maximize  convective  and  radiative  cooling  without  limiting 
sweat  rate.  Under  these  conditions,  sweat  rates  in  excess  of  300  g/hr  were 
observed  for  sustained  work  loads  on  the  order  of  600  watts,  which  were 
consistent  with  subjective  comfort.  Fanger’s  comfort  sweat  equation  is 
shown  graphically  in  Figure  4-4  and  is  noticeably  higher  than  the  results 
expressed  here  with  LCG  cooling. 

In  a similar  experiment,  Webb  (155)  observed  elevated  sweat  rates 
associated  with  comfort  for  nude  subjects  working  in  a room  at  25®C. 

Some  of  his  data  are  also  shown  in  Figure  4-4. 

Chato  and  Hertig  (33'  observed  sx^eat  rates  of  approximately  300  g/hr 
for  subjects  working  at  moderate  metabolic  rates  (387  watts)  with  sub- 
jective comfort  while  wearing  only  athletic  trunks,  shoes  and  socks  in  a 
room  te^^'oerature  environment  ranging  between  13  to  24®C.  They  also  con- 
ducted shower  studies  utilizing  subjective  control  of  shower  temperature 
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at  heavy  workloads  to  maintain  comfort » and  concluded  that  some  sweat 
sew ret Ion  may  be  necessary, 

Stolvrljk,  Salt  in  and  Gagge  (139)  did  net  observe  suppressed  sweat 
rates  when  room  cooling  was  varied  to  provide  subjective  comfort  high 
metabolic  rates.  However,  none  of  the  preceding  studies  utilized  an  LCG 
and  therefore,  have  no  basis  for  comparison  with  subjective  comfort 
evaluations  while  wearing  an  LCG.  The  results  of  these  studies  are  also 
vulnerable  to  the  previous  observation  that  man  is  a que  jtionable  judge 
of  his  own  thermal  state. 

For  the  studies  in  which  comfort  and  heat  strain  were  measured  and 
compared  directly  for  subjects  working  with  and  without  an  LCG.  the  results 
overwhelmingly  support  the  idea  that  reduced  svi^eat  rates,  reduced  heat 
strain  and  superior  thermal  comfort  are  achl^'^ed  at  all  inetaboilc  r£.tes 
while  wearing  an  LCG.  Shvartz  and  Benor  (124)  showed  reduced  body  heat 
storage,  heart  rate,  rectal  temperature,  and  sweat  rate  for  subjects 
wearing  an  LCG  in  warm  environments  compared  to  the  same  tests  without  an 
LCG. 

Gold  and  Zonitzer  (54)  have  shown  dramatic  reductions  xii  heat  strain 
as  measured  by  the  Craig  index  of  physiological  strain  for  subjects 
exercising  in  hot,  dry  environments  with  a;;  T.CG,  following  identical  runs 
without  one.  (The  Craig  index  quantitates  heat  strain  by  comparatively 
weighting  the  increase  in  heart  rate,  rectal  temperatuie  and  sweat  rate). 
The  same  authors  also  noted  reduced  reddening  and  sweating  of  skin  regions 
noc  directly  covered  by  the  cooling  garment,  and  improved  subject  comfort 
wiwh  ilie  LCG,  Waligora  and  Michel  (1^9)  compared  cooling  characteristics 
of  the  Apollo  pressure  suit  incorporating  an  LCG,  with  those  of  a Mercury 
pressure  suit  utilizing  gas  cooling  alone.  They  found  that  the  LCG  assumes 
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the  major  burden  of  cooling^  with  increased  comfort  over  the  gas  cooling 
system  by  reducing  sweating. 

Klssen^  Hall»  and  Klesun  (77)  showed  reduced  heat  strain  measurements 
In  severe  hyperthermic  exposure  when  subjects  used  a head  and  neck  cooling 
garment.  Williams  and  Shitzer  (165)  used  a similar  garment  to  demonstrate 
redi  as  in  weight  loss,  heat  storage ^ heart  rate  and  other  strain  indices 
for  subjects  working  in  hot  environments.  Nunneley»  Troutman  and  Webb  (99) 
also  observed  reductions  in  heat  stress  in  studies  similar  to  those  of 
Williams  and  Shitzer. 

Schvartz  (123)  and  Nunnely  (98)  reviewed  the  litera  ure  on  water 
cooled  garments  of  varying  designs  and  ascertained  the  ability  of  the 
LCG  to  reduce  heat  strain  and  Increase  comfort.  Finally,  several  years 
of  experience  in  testing  both  at  sea  level  and  altitude  conditions  at  the 
Johnson  Space  Center  have  firmly  established  the  preference  that  subjects 
have  for  using  an  LCG  to  maintain  comfort. 

The  comfort-sweat  curve  of  Figure  4-4  is  interesting  from  yet  another 
standpoint.  Although  it  expresses  the  asymptotic  behavior  of  sweat  rate 
at  comfort,  it  also  shows  that  some  amount  of  sweating  is  desirable  at 
moderate  metabolic  rates  and  above.  In  other  words,  comfort  is  not  com- 
mensurate with  complete  suppression  of  sweating.  In  fact,  elimination  of 
sweating  at  moderate  and  high  metabolic  rates  was  associated  with  uncom- 
fortably cold-sensations  and  even  shivering  in  Ser'^es  A 

This  is  in  agreement  with  the  findings  of  Chambers  (30)  that  a 
pressui^e  suit  equipped  with  an  LCG  still  requires  an  oxygen  ventilation 
system  to  maintain  comfort  by  evaporation  . f sweat  at  high  work  rates. 

In  the  same  study.  Chambers  also  determined  skin  temperature  zones 
associated  with  comfort  (see  Figure  4-7),  These  zones  coincided  with 
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minimal  levels  of  sweat  secretion.  Zero  sweat  rates  were  related  to 
subjectively  cold  and  uncomfortable  conditions.  Nunneley^  In  her  review 
of  «^ter  cooled  garments^  states  that  optimum  ICG  coo'.lng  should  also 
Include  minimal  levels  of  sweat  secretion.  She  summarizes  the  opinion  of 
several  papers  that  despite  variations  in  environmental  conditions  or  work 
load»  a man  wearing  an  ICG  at  comfort  should  never  be  cold  or  obviously 
sweating  (30,  156,  160,  161).  Wallgcra  and  Michel  (149)  also  derived 
approximate  comfort  limits  based  on  skin  temperature  that  Included  pro- 
visions for  minimal  sweating  at  comfort  while  wearing  an  ICG. 

On  the  other  hand.  It  should  be  emphasized  that  the  relationship  of 
Figure  4-4  represents  a delicate  sweating  balance  associated  with  a heat- 
storage  based  comfort  band.  Therefore,  for  application  In  pressure  suits, 
the  use  of  heat  rejection  systems  dependent  upon  evaporative  cooling  alone 
is  marginal  both  from  physiological  and  practical  standpoints.  Such  sys- 
tems require  elevated  total  body  heat  storage,  and  thus  Increased  heat 
strain.  In  order  to  produce  the  desired  sweat  and  evaporation  rates. 
Futhermore,  in  consideration  of  the  fact  that  the  maximum  evaporative  heat 
removal  rate  for  current  pressure  suits  using  a ventilating  gas  is  less 
than  300  watLs  (83,  98),  systems  such  as  that  proposed  by  Chato  and 
Hertlg  (33)  would  require  radical  departures  in  design. 

The  Mathematical  Model  as  an  Index  of  Heat  Strain 

Throughout  this  thesis,  the  value  of  the  heat-storage  based  comfort 
band  has  been  underscored.  It  was  shoxm  that  the  accuracy  of  the  mathe- 
matical model  predictions  was  improved  when  deviations  from  the  comfort 
zone  were  small.  It  was  also  shown  that  the  model  could  accurately  predict 
the  amount  of  LCG  cooling  that  a subject  would  select  to  maintain  comfort. 
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The  model  could  actually  predict  the  subject's  behavioral  response  by 
making  use  of  the  comfort  band.  Sweating  and  evaporative  heat  loss  at 
comfort  were  also  accurately  predicted,  and  agreed  with  the  results  of 
other  investigators.  However,  in  addition  to  its  value  as  a tool  for  the 
preceding  correlations,  the  mathematical  model  and  the  comfort  band  have 
application  as  a reference  index  for  physiological  stress. 

It  has  long  been  known  that  tolerance  of  stored  heat  is  strictly 
limited  (18,  74,  108,  146).  Excess  body  heat  storage  at  first  produces 
activation  of  compensatory  mechanisms  and  subjective  temperature  aware- 
ness; then  discomfort,  deteriorating  psychomotor  capacity  and  eventually, 
collapse  leading  to  death  (86,  151).  Blockley  (18)  and  Kaufman  (74)  have 
shown  that  the  physiological  tolerance  limit  for  stored  body  heat  at  rest 
is  about  175  watt-hr.  Signs  of  Impending  collapse  include  rising  rectal 
temperature,  heart  rates  above  160,  flushed  skin,  inattention  to  work, 
and  frequent  headache,  fatigue,  and  nausea  (18,  74,  101,  152). 

For  tasks  involving  skilled  performance,  heat  storage  must  be  kept 
far  below  the  limits  described  above  for  tolerance.  Blockley  (17), 

Webb  (152),  and  Wing  (167)  have  independently  concluded  that  decrements 
in  psychomotor  performance  appear  when  heat  storage  approaches  3/4  of 
the  tolerance  limit.  NASA's  Johnson  Space  Center  has  adopted  88  watt-hr 
as  the  permissible  limit  of  body  heat  storage  prior  to  impairment,  and 
117  watt-hr  as  the  tolerance  limit. 

Some  controversy  continues  on  the  relationship  of  heat  storage  limits 
to  performance  and  tolerance,  but  the  above  limits  have  proven  practical 
and  realistic  for  a multitude  of  applications  involving  stressful  environ- 
ments. These  limits  are  deliberately  conservative  in  that  they  specify 
the  likelihood  that  only  a small  percentage  of  individuals  exposed  will 
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experience  performance  Impairment  or  collapse  due  to  heat  stress.  The 
limits  for  physically  fit  Individuals  or  those  acclimatised  to  heat  would 
be  higher. 

The  fact  that  the  mathematical  model  can  accurately  predict  body  heat 
storage  in  response  to  metabolism  and  environmental  parameters  makes  It  a 
valuable  tool  for  assessing  the  degree  of  heat  stress.  This  is  accomplished 
by  comparing  the  predicted  results  with  the  performance  and  tolerance 
limits.  Furthermore,  when  used  in  conjunction  with  the  comfort  zone,  the 
model  can  predict  the  degree  of  deviation  from  thermal  comfort. 

For  example,  the  comfort  and  tolerance  bands  shown  in  Figure  4-8 
weie  used  with  model  predictions  to  generate  sweat  rate  performance  envel- 
opes (Figure  4-9).  It  is  observed  in  Figure  4-9  that  at  high  metabolic 
rates  (600  watts),  the  comfort  band,  performance  limit,  and  tolerance 
limit  almost  coincide.  This  is  a reflection  of  the  fact  that  the  Apollo- 
type  LCG  is  not  designed  to  provide  adequate  heat  removal  for  metabolic 
rates  greater  than  600  watts  in  a neutral  environment.  On  the  other  hand, 
it  is  observed  that  for  lower  metabolic  rates,  considerably  higher  inlet 
temperatures  than  those  selected  for  comfort  can  be  tolerated  before  per- 
formance becomes  impaired.  For  example,  at  a metabolic  rate  of  350  watts, 
16-20**C  inlet  water  temperatures  are  required  for  comfort  but  performance 
does  not  become  impaired  intil  water  temperature  exceeds  27'*C. 

At  first  glance,  the  results  of  Figure  4-9  may  appear  paradoxical  in 
that  the  sweat  rate  associated  with  performance  impairment  or  tolerance 
limits  actually  decreases  as  metabolic  rate  Increases.  This  indicates 
that  an  individual  would  actually  sweat  less  at  higher  metabolic  rates 
than  at  lower  rates,  before  encountering  thermal  stress.  However,  this 
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apparent  contradiction  is  explained  by  a consideration  of  skin  temperature » 
core  temperature,  and  body  heat  storage. 

The  performance  and  tolera  . limits  are  each  based  upon  a limiting 
value  of  body  heat  storage  that  is  independent  of  metabolic  rate.  However, 
in  order  to  reduce  the  amount  of  heat  stored  in  the  body  at  a high  metabolic 
rate  to  the  same  level  as  that  of  a lower  rate,  more  LCG  heat  removal  Is 
required  and,  therefore,  a lower  inlet  water  temperature  is  necessary. 

This  means  that  the  skin  temperature  must  be  increasingly  lowered  as 
me*^abolic  rate  increases,  in  order  to  keep  body  heat  storage  constant  and 
below  the  performance  or  tolerance  limits. 

The  decreased  skin  temperature  inhibits  the  contribution  of  the 
peripheral  or  local  response  to  sweating.  Thxs  inhibition  actually  more 
than  offsets  the  increased  central  response  due  to  the  higher  rise  in  core 
temperature  at  the  higher  metabolic  rate.  The  net  result  is  an  inhibition 
of  the  local  sweating  response  that  overshadows  the  increased  central 
response  and  produces  a lower  sweat  rate  associated  with  performance  or 
tolerance  limits  at  higher  metabolic  rates. 

This  inhibitory  characteristic  of  skin  cooling  is  predicted  by  the 
model  but  requires  additional  experimental  data  for  verification.  Stolwijk 
and  Hardy  have  recently  performed  ^Mter  immersion  experiments  at  various 
metabolic  rates  which  tentatively  support  the  idea  of  a reduced  tolerance 
at  colder  water  temperatures  and  higher  metabolic  rates,  buc  additional 
studies  In  th^s  area  of  performance  and  tolerance  are  uuuded. 

The  dependence  of  active  sweat  rate  upon  heat  storage  and  body  tempera- 
tures limits  the  usefulness  of  sweat  rate  alone  as  an  index  of  heat  stress. 
Indicators  such  as  the  Belding-Hatch  Stress  Index  or  the  P4SR  are  unsafe 
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to  use  as  a means  of  predicting  sweat  rate  or  stress  unless  all  the  condl-^ 
tlons  are  similar  to  those  for  which  the  index  was  originally  derived. 

For  example^  the  P4SR  was  derived  from  experimental  data  for  subjects 
wearing  limited  clothing  who  were  heat  acclimatized  (103).  As  a consequence 
of  the  latter » the  sweat  rates  associated  with  tolerance  limits  are  con- 
siderably higher  than  those  expressed  in  Figure  4-9  for  unacclimatized 
subjects.  Gillies  and  Webb  (103)  do  not  reccxmnend  the  use  of  P4SR  for 
predicting  sweat  rate»  but  rather  as  a means  for  comparing  environments 
In  terms  of  thermal  stress » to  be  followed  by  experimental  evaluation  of 
the  environments,  with  sweat  production  being  taken  as  one  of  several 
dependent  variables. 

As  mentioned  previously,  consideration  of  skin  temperature  is  an 
Important  factor  when  an  LCG  is  used  for  cooling.  Mean  skin  temperature 
and  its  range  and  distribution  are  pertinent  measurements  in  the  determi- 
nation of  thermal  contact.  Kerslake  (76)  has  shown  that  for  resting 
subjects,  T for  comfort  is  about  33®C  with  a 6®C  longitudinal  gradient; 
the  head  being  the  warmest  and  the  hands  and  feet  the  coolest.  Allan  (1) 
and  Webb  and  Annis  (159)  have  shown  that  as  metabolism  rises  from  rest, 
the  mean  skin  temperature  associated  with  comfort  and  the  absence  of 
sweating  falls. 

Chambers  (32)  has  derived  a subjective  comfort  zone  based  on  skin 
temperature,  indicated  in  Figure  4-7,  that  shows  a decrease  in  skin  temp- 
erature associated  with  comfort  as  metabolic  rate  increases.  Hurrah  and 
Buchberg  (62)  and  Walagora  and  Michel  (149)  have  presented  similar  results, 
shoim  in  the  same  figure.  Data  from  the  results  of  Series  A-D  are  also 
shown  superposed  with  the  results  of  these  investigators  in  Figure  4-7, 
and  agreement  is  good. 
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The  importance  of  a normal  skin  distribution  for  comfort  has  also 
been  mentioned  by  British  workers  designing  cooling  equipment  (23 » 25 » 26), 
and  the  effects  of  skin  temperature  on  comfort  and  thermoregulation  while 
wearing  an  LOG  are  summarized  nicely  by  Nunneley  (98) • 


**As  the  temperature  is  lowered  through  the  comfort  zone 
there  is  generalized  cutaneous  vasoconstriction  until 
conductance  is  reduced  to  its  minimum  value,  attributable 
to  tissue  heat  conduction.  Any  further  temperature  de«- 
crease  involves  passive  body  cooling;  when  cooling  exceeds 
metabolic  heat  production,  the  major  defense  mechanism  is 
to  increase  the  latter  by  shivering  or  voluntary  activity. 
Environmental  temperature  rising  through  the  zone  of  vaso- 
motor control  produces  cutaneous  vasodilatation,  wanning 
of  the  skin,  a decrease  in  core-skin  temperature  gradient 
and  increasing  conductance*  In  heat  stress,  the  cutaneous 
circulation  may  demand  a significant  portion  of  cardiac 
output.  As  the  heat  load  increases  beyond  orae  threshold 
temperature,  sweating  begins  and  is  graduaxly  increased 
along  with  further  vasodilatation.  The  physiological 
reaction  to  a given  heat  load  depends  partly  upon  whether 
the  source  is  internal  (metabolic)  or  external.” 


The  previous  discussion  has  cente*^ed  upon  the  importance  of  skin 
temperature  when  LCG  cooling  is  used  to  provide  thermal  comfort.  However, 
it  is  only  a part  of  the  story.  Several  additional  factors  are  equally, 
if  not  more,  important  in  determination  of  comfort  and  heat  stress.  These 
are  the  rectal  temperature,  the  sweat  rate  and  body  heat  storage. 

The  Importance  of  rectal  (or  t)nnpanic,  or  head  core)  temperature  and 
its  effects  upon  sweating  and  heat  stress  have  been  emphasized  several 
times  throughout  this  thesis*  It  has  a stronger  influence  upon  sweat 
rate  and  body  heat  storage  than  does  skin  temperature  (133-139,  172). 

It  follows  then,  that  its  influence  upon  comfort  and  heat  stress  is  con- 
siderable. Whereas  skin  temperature  was  reduced  at  higher  metabolic  rates 
by  LCG  control  consistent  with  comfort,  the  same  does  not  hold  true  for 
core  temperature.  When  a man  begins  working,  his  rectal  temperature 
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rises  in  spite  of  comfort  LCG  cooling  at  the  skin  surface  (155 » 156). 

Rectal  temperature  continues  to  rise  until  it  reaches  a plateau  associ- 
ated directly  with  metabolic  rate. 

The  relationship  between  core  temperature  rise  and  metabolic  rate 
was  established  in  1938  by  Nielson  (97).  It  has  been  confirmed  repeatedly 
and  is  also  valid  when  strong  LCG  cooling  is  applied.  Figure  4-7  shows 
core  temperature  versus  metabolic  rate  when  subjective  comfort  was 
achieved  be  means  of  LCG  cooling.  The  results  shown  are  from  Webb  (155, 

156),  Harrah  and  Buchberg  (61),  and  an  envelope  of  data  from  five  other 
studies  (103).  Comfort  data  from  Series  A are  also  shown  and  agree  well 
with  the  other  results.  These  findings  suggest  that  the  body  appears 
to  prefer  a higher  core  temperature  at  higher  work  levels  and  probably 
accomplishes  this  by  adjustment  of  its  internal  thermostat  or  set-point  (98). 

The  relationship  of  sweat  rate  and  evaporative  heat  loss  to  comfort 
and  heat  stress  has  been  discussed  at  length.  Sweating  results  primarily 
from  increases  in  skin  temperature  and  core  temperature,  with  the  latter 
having  a greater  weight.  The  reason  that  sweating  is  suppressed  to  limits 
below  100-200  g/hr  at  comfort  (see  Figure  4-4)  is  that  relatively  small 
Increases  in  core  temperature  at  higher  metabolic  rates  are  countered  by 
large  decreases  in  skin  temperature  brought  about  by  LCG  control  (as 
typified  by  the  skin  temperature  comfort  zone  of  Chambers).  It  is  this 
simultaneous  increase  in  core  temperature  and  decrease  in  skin  temperature 
(shown  in  Figure  4-7)  that  accounts  for  sweat  suppression. 

Such  sittations,  in  which  central  warm  reception  collides  with  mes- 
sages of  cold  from  the  skin  are  para^  xical,  but  n:t  uncommon.  As 
Benzinger  (8)  observed  in  his  classic  essay,  "The  Human  Thermostat", 
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'*The  running  athlete  in  cool  weather,  the  ascending  moun- 
taineer, the  skier  on  sunny  slopes,  all  lightly  cl:^d,  and 
perhaps  the  swimmer  in  tropical  waters,  experience  sk'^r 
temperatures  low  enough  for  cold  receptors  to  be  active, 
while  the  athletic  effort  elevates  internal  cranial  tempera- 
ture above  the  set  point.  Cold  reception  at  the  skin  may 
then  Interfere  with  the  thermostatic  control  and  prevent  or 
delay  an  immediate  adjustment  of  elevated  cranial  internal 
temperatures  through  sweating.  However,  unnecessary  exces- 
sive or  prolonged  evaporative  cooling  is  prevented  after 
termination  of  the  muscular  effort. 

The  opposite  condition,  central  temperature  below  the 
set  point,  combined  with  a warm  skin,  has  been  studied  and 
clarified  by  experiments  in  water.  It  is  a transient  state 
of  tranquility  and  subjective  comfort  in  which  no  thermo- 
regulatory impulses  seem  to  arise  at  either  central  or 
peripheral  thermoreceptors.  Thus,  due  to  a lack  of  driving 
impulses,  heat  regulation  is  suspended  when  the  skin  is 
warm  and  the  centers  are  cool.  Likewise,  heat  regulation  is 
delayed  or  suspended  when  the  skin  is  cold  and  the  centers 
are  warm.*’ 


Under  normal  conditions,  without  an  LCG,  it  is  the  evaporation  of 
sweat  that  enables  men  to  work  in  hot  environments.  However,  even  with  an 
LCG,  core  temperature  must  ' - order  for  sweating  and  evaporative  heat 
removal  to  be  adequate  at  high  metabolic  rates.  This  means  that  the  body 
must  store  heat  in  order  to  sweat,  since  heat  storage  is  influenced  to  a 
greater  extent  by  increases  in  core  temperature  than  skin  temperature. 
Consequently,  c'^ere  ij  a certain  amount  of  body  heat  storage,  and  there- 
torc,  h'.^at  stress  associated  with  sweating.  This  was  shown  to  be  the  case 
^>y  and  Roth  (19)  who  demonstrated  that  the  amount  of  sweating 

PoSwn'iated  with  LCG  heat  removal  has  a powerful  Influence  on  the  tolerance 
time  a stressful  environment.  Furthermore,  high  sweat  rates  can  pro- 
duce f'Uid  and  electrolyte  imbalances  and  eventual  collapse  (56,  79,  86, 
154).  Providing  drinking  water  to  replace  lost  fluids  does  not  always 
remedy  the  situation  because  paradoxically,  excess  heat  storage  has  been 
shown  to  cause  subjects  to  avoid  drinking,  with  ensuing  voluntary,  signifi- 
cant dehydration  (17,  74,  154). 
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The  previous  arguments  have  led  the  author  to  conclude  that  the  best 
index  of  comfort  and  heat  strain  is  one  that  takes  all  of  the  previous 
factors  into  consideration;  namely,  body  heat  storage*  The  comfort,  per- 
formance impairment,  and  tolerance  bands  of  Figure  4-8  tie  together  all 
of  the  effects  of  skin  temperature,  core  temperature  and  sweat  rate*  The 
heat-storage  based  comfort  zone,  combined  with  the  parametric  predictions 
of  the  mathematical  model,  provide  relationships  for  LOG  heat  removal, 
sweat  rate,  rectal  temperature  and  skin  temperature*  These  relationships 
conform  closely  to  the  available  experimental  data.  Similarly,  parametric 
predictions  of  the  mathematical  model,  combined  with  the  performance  and 
tolerance  heat-storage  limits  resulted  in  Figure  4-9,  which  can  be  used 
to  assess  the  degree  of  heat  stress  and  deviation  from  comfort* 

The  significance  of  heat  storage  is  further  supported  in  studies  by 
Webb  (155,  156)  which  show  that  even  with  adequate  LCG  cooling  commensurate 
with  subjective  comfort,  a man  working  at  higher  metabolic  rates  will 
experience  a rectal  temperature  increase  resulting  in  a net  increase  in 
body  heat  storage,  despite  a large  drop  in  skin  temperature*  Whereas 
this  increase  in  body  heat  storage  (and  heat  strain)  is  not  apparent  from 
comfort  criteria  based  upon  skin  temperature  or  sweat  rate,  it  is  taken 
into  account  in  the  heat  storage  based  comfort  band  of  Figure  4-8,  since 
the  heat  storage  associated  with  comfort  while  wearing  an  LCG  is  shown  to 
increase  with  metabolic  rate* 

Accuracy  of  the  Mathematical  Model 

The  discussion  now  turns  to  some  general  comments  regarding  the 
accuracy  of  the  mathematical  model*  It  has  been  shown  that  model  pre- 
dictions are  most  accurate  for  testing  conditions  near  thermal  comfort* 
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The  greater  the  deviation  from  comfort,  the  greater  the  error  of  the 
model  predictions.  This  was  explained  in  terms  of  the  increased 
responses  required  by  the  thermoregulatory  system  in  order  to  return  the 
organism  to  homeostatic  conditions  after  a large  metabolic  or  environmental 
step-change;  and  the  difficulty  in  simulating  these  complex  responses. 

For  off-comfort  conditions,  errors  generally  consisted  of 
u.*derpredictions  in  LCG  heat  removal,  overpredictions  of  evaporative  heat 
loss  and  sweating,  and  undcrpredictlons  of  mean  skin  temperature.  This 
was  especially  evident  for  the  cold  conditions  of  Series  A,  where 
shivering  was  frequently  encountered.  The  magnitude  of  the  errors,  although 
significant,  was  not  large  enough  (generally  below  10%  of  metabolic  rate) 
to  warrant  modifications  to  the  equations  simulating  the  active 
thermoregulatory  system  responses  (vasodilatation,  vasoconstriction, 
shivering  and  sweating).  This  decision  resulted  in  part  from  the  fact 
that  inaccuracies  in  predictions  for  off-comfort  conditions  were  just  as 
easily  attributed  to  test  data  error  resulting  from  test  procedures  or 
data  management  as  to  improper  model  simulations. 

Considering  the  relatively  small  magnitude  of  the  errors  and  the 
factors  described  above,  it  was  not  possible  to  isolate  the  model  as  the 
major  source  of  these  errors.  Furthermore,  modification  of  the  controlling 
equations  seemed  improper  in  light  of  the  good  agreement  achieved  with 
test  data  for  comfort  conditions.  On  the  other  hand,  it  was  possible  to 
modify  the  model  to  improve  predictions  of  individual  skin  temperatures. 

This  was  accomplished  by  modifying  the  equations  describing  the  passive 
(or  controlled)  svstom. 

As  mentioned  in  the  discussion  of  the  results  from  Series  A,  .he 
model  is  better  suited  for  determining  total  heat  balamo  relationships 
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than  for  the  partitioning  and  distribution  of  heat  among  the  individual 
body  compartments*  That  is  not  to  say  that  the  performance  of  the  model 
was  unacceptable  for  the  latter.  On  tiie  contrary,  the  largest  errors 
observed  in  individual  skin  temperatures  at  equilibrium  were  on  the  order 
of  2-3®C  for  comfort  conditions  and  somehwat  larger  for  off-comfort 
conditions. 

However,  it  was  observed  that  chest  (or  trunk)  temperatures  were 
consistently  underpredicted  throughout.  The  chest  skin  temperature  was 
usually  the  lowest  predicted  temperature,  followed  closely  by  the  leg 
temperature  (the  forehead  and  hand  temperatures  were  usually  the  warmest). 
Although  the  test  data  also  showed  leg  and  chest  temperatures  as  the 
col.Vst,  chest  temperature  was  not  consistently  colder  than  that  of  the 
leg  skin.  Furthermore,  predictions  of  leg  skin  temperature  were  often 
higher  than  the  actual  data. 

It  was  decided  that  the  model  was  extracting  too  much  heat  from  the 
trunk  area  into  the  LCG  and  not  quite  enough  from  the  arms  and  legs. 
Modifications  were  made  to  the  program  that  consisted  of  alterations  in 
the  partitional  heat  removal  characteristics  of  the  LCG.  This  resulted 
in  improved  predictions  of  individual  skin  temperatures  with  no 
appreciable  effect  upon  the  total  heat  balance  responses  of  sweating, 
shivering,  blood-flow  or  heat  storage.  The  effect  was  simply  to 
redistribute  the  skin  temperature  computations  to  improve  agreement  with 
the  test  data.  This  vas  done  by  altering  the  percentage  heat  removal 
by  the  LCG  assigned  to  each  body  area. 

The  changes  made  are  summarized  in  Table  D8  of  Appendix  D,  and  the 
resulting  improvements  in  individual  skin  temperature  predict iors  are 
shown  for  several  cases  of  Series  A and  C in  Figures  D12  and  D1  to  D4  of 
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Appendix  D,  The  magnitude  of  the  changes  shown  in  Table  D8  was  determined 
largely  by  trial  and  error. 

The  errors  described  above  could  just  as  easily  ha>7e  resulted  from 
an  overly  large  vasoconstriction  signal  in  the  model’s  chest  skin  region, 
as  opposed  to  the  use  of  an  unreall'.tically  large  heat  transfer  coefficient 
in  the  model  between  the  skin  of  the  chest  and  the  LCG.  However,  because 
of  reluctance  to  change  active  thermoregulatory  system  parameters,  it  was 
judged  more  prudent  to  modify  the  latter.  Fortunately,  these  modifications 
(decreasing  the  weighting  factor  for  LCG  heat  extraction  from  the  chest 
while  increasing  it  for  the  arms  and  legs)  resulted  in  improved  ind-*vidual 
skin  temperature  predictions  without  affecting  other  parameters. 

Additional  Model  Development 

Although  the  performance  of  the  model  has  exce'^ded  expectations 
it  is  evident  that  more  development  needs  to  be  done.  However,  this 
should  be  tempered  by  the  knowledge  that  any  model  is,  by  definition, 
simpler  than  the  system  it  attempts  to  represent.  In  keeping  with 
this  guideline,  changes  to  the  equations  governing  the  controlling 
system  are  difficult  because  of  the  scarcity  of  off-comfort  data. 

Based  upon  available  data  of  the  total  heat  balance  type,  changes  in 
controlling  equations  of  sweat,  shiver,  and  blood-flow  rates  are  not 
justified. 

What  is  really  needed  are  more  detailed  data  on  the  blood-flow 
characteristics,  sweat  rates,  and  shiver  rates  for  the  individual  body 
compartments  of  the  organism  while  under  stress  (such  as  head,  hands, 
feet,  upper  and  lower  arms,  trunk,  etc.).  In  addition,  more  Inforr.at ion 
is  required  on  regional  and  internal  heat  generation  terms  and  internal 
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temperature  distributions  within  body  regions  (including  internal  organs). 
Until  such  Infomation  is  determined  and  made  available,  changes  to  the 
controlling  equations  of  the  mathematical  model  are  only  speculative  and 
of  no  real  benefit,  especially  in  view  of  the  more  than  adequate  per- 
formance of  the  model  in  predicting  total  heat  balance  data,  external 
skin  temperature  distributions,  and  body  heat  storage  and  heat  stress. 

On  the  other  hand,  thexe  is  considerable  room  for  improvement  to 
the  passive  or  controlled  system  in  the  model.  To  begin  with,  it  is 
apparent  that  the  number  of  body  compartments  needs  to  be  increased. 

The  current  version  of  the  model  has  10  body  compartments  (head,  trunk, 

2 arms,  2 legs,  2 hands,  and  2 feet).  However,  the  data  of  Series  A and 
C indicate  that  there  can  he  as  much  as  a 7®C  difference  between  the  skin 
temperatures  of  the  abdomen,  back,  and  upper  chest  while  wearing  an  LCG. 
Obviously,  characterizing  these  3 regions  by  one  trunk  segment  is  an 
oversimplification.  Similarly,  the  test  data  also  show  significant 
temperature  differences  between  the  upper  and  lower  leg  (calf  versus 
thigh)  and  upper  and  lower  arm  (biceps  versus  forearm). 

These  shortcomings  will  be  corrected  in  a new  version  of  the  model 
which  is  currently  being  developed.  The  technical  description  and 
appropriate  equations  for  this  new  model  are  presented  in  Appendix  F. 

For  additional  infonnation.  Interested  parties  should  contact  the  author, 
care  of  the  Johnson  Space  Center.  The  new  model  will  have  as  many  as 
19  body  compartments,  with  the  trunk  being  divided  longitudinally  into 
several  cylinde^lcal  regions  from  the  upper  to  the  lower  chest  and  the 
arms  and  legs  being  divided  into  at  least  upper  and  lower  segments. 

Another  problem  vrlth  the  existing  model  is  its  failure  to  account 
for  temperature  distributions  in  any  spatial  direction  other  than 
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radially  outward  from  the  center  of  each  body  compartment.  For  most 
applications^  this  is  perfectly  acceptable.  However,  for  applications, 
in  the  manned  space  program,  the  structure  and  definition  of  the  model 
is  now  being  directed  at  certain  unique  characteristics  or  conditions 
which  are  deemed  of  primary  importance. 

One  of  these  conditions  is  exposure  to  widely  disparate  environments 
on  different  sides  of  the  body.  This  undoubtedly  would  result  in 
different  skin  temperatures  for  those  regions  of  the  body  exposed  to  the 
different  environments.  The  effect  of  this  simultaneous  hot  and  cold 
environment  on  comfort  is  not  well  known.  A study  by  Hall  and  Klemm  (59) 
indicates  that  men  exposed  to  widely  disparate  radiant  environments  on 
opposite  sides  of  the  body  find  the  situation  comfortable  if  the  mean 
skin  temperature  is  normal.  However,  additional  data  are  needed  to 
verify  this  finding. 

The  test  data  of  Series  A and  C indicate  that  considerable  temperature 
differences  are  also  possible  between  different  sides  of  the  same  body 
compartment  when  the  heat  is  generated  internally  by  metabolism  with  a 
uniform  environment  rather  than  externally  from  a disparate  environment. 
Specifically,  temperature  differneces  of  up  to  3®C  were  observed  between 
the  chest  and  the  back  with  uniform  test  conditions  and  moderate  metabolic 
rates  (See  Figure  3-1,  Series  A Results). 

The  current  model  has  no  provision  for  such  two-dimensional 
variations  in  skin  temperature.  However,  the  new  version  of  the  model 
will  consider  spatial  temperatui » variations  in  both  tiie  radial  and 
angular  directions  (as  measureu  iiom  the  centerline  of  each  major  body 
segment)  and  will  prove  useful  in  analyzing  the  problems  discussed  above. 
The  added  capability  of  angular  temperature  variation  is  built  into 
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the  partial  differential  equations  describing  the  passive  system  in  the 
upcoming  model  and  is  also  summarized  in  Appenidx  F. 

Another  error  source  in  the  current  model  is  the  separation  of 
radial  temperature  variations  into  4 layers  (Figure  2-7) • Each  of  the 
body  compartments  in  the  passive  system  is  characterized  by  only  2 thin 
layers  (skin  and  fat)  and  2 thick  layers  (muscle  and  core).  This 
simplified  approach^  t iing  the  so-called  lumped  parameter  finite  difference 
method,  can  lead  to  errors  during  the  development  of  new  temperature 
gradients.  This  is  especially  true  within  the  muscle  and  core  layers, 
vdiich  are  relatively  thick  and  should  have  continuous  temperature 
variation  across  the  layer. 

Obviously,  characterizing  each  layer  as  a single  lump  at  one 
temperature  is  a simplification  that  can  lead  to  errors,  especially  in  the 
transient  response  of  the  model.  During  moderate  heat  stress,  such 
errors  are  small  because  the  gradients  are  small  and  convective  heat 
transfer  by  the  circulatory  system  is  the  major  avenue  of  heat  flow  (136). 
However,  during  exposure  to  severely  stressful  environments,  or  conditions 
that  cause  large  deviations  from  comfort,  the  gradients  and  their 
associated  errors  can  become  significant. 

Also,  the  use  of  an  LCG  causes  lowered  skin  temperatures  and  reduced 
convective  heat  flow  by  the  bloodstream  due  to  vasoconstriction  effects. 
Tills  can  lead  to  large  conductive  gradients  between  th«i  core  and  the  skin, 
resulting  in  considerable  errors  in  a 4 layer  model  (although  these 
errors  tend  to  diminish  as  steady-state  is  approached). 

A simple  remedy  to  the  problem  consists  of  Introducing  additional 
layers  into  the  controlled  system.  This  is  the  approach  that  was 
followed  by  Wissler  in  his  one-dimensional  model  (168),  and  will  be 


4-30 


adopted  in  the  new  models  as  outlined  in  Appendix  F.  The  number  of  layers 
will  be  increased  and  can  be  selected  by  the  user,  depending  upon  the 
degree  of  stress  associated  with  a particular  environment*  The  solution 
to  the  equations  makes  use  of  the  ADI  (alternating  difference  implicit) 
numerical  method  technique,  and  promises  in^'reased  accuracy*  These 
improvements,  of  course,  increase  the  complexity  and  the  computer  time 
requ-'red  to  run  the  model,  but  should  provide  overall  Improved  performance, 
especially  for  off-comfort  conditions. 

Before  concluding  the  discussion  of  model  accurancy,  one  final  note 
should  be  touched  upon*  As  mentioned  previously,  any  mathematical  model 
of  the  human  body  is,  by  necessity,  an  oversinpllf ication  of  the  real 
system.  There  are  effects  and  counter-effects  which,  due  to  their 
complexity,  are  beyond  the  capability  of  the  model  to  simulate* 

It  is  likely  that  several  of  these  effects  have  contributed  in  some  form 
or  fashion  to  the  errors  observed  in  this  model*  Examples  of  2 such 
effects  are  the  recruitment  of  muscle  fibers,  and  the  role  of  24-hr 
rhythms  in  thermal  balance* 

The  current  model  assumes  that  for  a step  increase  in  metabolic  rate, 
all  the  muscles  in  a given  muscle  compartment  are  instantaneously  activated 
and  immediately  supplied  with  all  of  the  blood  required  for  oxygen 
transport.  There  is  no  attempt  to  make  allowances  for  the  development 
or  repayment  of  an  oxygen  debt,  or  for  the  recruitment  effect,  whereby 
groups  of  muscle  fibers  are  activated  in  a given  muscle  in  proportion 
to  the  required  load. 

ihe  other  effect,  which  has  only  recently  been  identified,  is  the 
possible  existence  of  a 24-hr  rhythm  relationship  between  heat  production 
and  heat  loss.  Paul  Webb,  in  a 1971  study  (157),  showed  a diurnal 
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rhythm  in  body  heat  storage  over  24-hr  periods  in  which  subjects  wore 
an  LCG  that  was  automatically  adjusted  to  maintain  comfort  throughout 
the  experiment.  Total  body  heat  storage  was  shown  to  vary  sinusoidally 
with  positive  values  for  the  12  wakeful  hours  and  negative,  destorage 
values  for  the  12  hours  encompassing  the  subject *s  sleep  periods.  Body 
temperatures  and  total  heat  storage  were  unchanged  at  the  end  of  each 
24-hr  period  and  the  observed  rhythms  in  heat  production,  heat  dissipation 
and  heat  storage  appeared  to  follow  a pattern  closely  related  to  the 
diurnal  swings  in  body  temperature  frequently  described  in  the  literature. 

The  observed  variations  in  heat  storage  were  surprisingly  large, 
with  values  as  high  as  +35  watts,  despite  the  fact  that  the  subjects 
reported  complete  comfort  over  the  entire  experiment.  The  implications 
of  such  a 24-hr  rhythm  in  heat  storage  are  obvious.  Many  of  the  errors  in 
the  heat  balance  data  of  Series  A,  B,  C and  D may,  in  fact  not  be  errors 
at  all,  but  normal  variations  in  heat  storage  occurring  in  a diurnal 
fashion. 

The  integration  of  the  thermoregulatory  model  with  simultaneous 
models  of  the  cardiovascular,  respiratory  and  other  physi  ^gical  systems 
is  a project  being  undertaken  by  the  Biomedical  Research  ce  of  NASA’s 
Johnson  Space  Cente  . Such  an  integrated  apnroach  may  correct  some  of 
the  shortcomings  of  the  type  described  above.  Fortunately,  the 
applications  and  requirements  of  the  thermoregulatory  model  (total  heat 
balance,  overall  heat  loss  paths,  average  skin  temperatures,  total  body 
heat  storage,  heat  stress  and  comfort  index,  etc.)  are  so  relatively 
coarse  as  to  transcend  the  errors  associated  with  complex  second  order 
effects  of  the  kind  just  described.  This  is  the  single,  most  important 
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factor  justifying  the  continuing  development  of  mathematical  models  for 
thermoregula t ion • 

Additional  Applications  of  the  Model 

In  addition  to  its  usefulness  as  a research  tool  for  investigating 
the  physiological  responses  of  the  thermoregulatory  system , and  as  an 
index  for  heat  stress^  the  mathematical  model  has  several  other  attractive 
applications.  For  example,  the  model  can  be  used  to  analyze  and  predict 
the  effectiveness  of  the  LCG  for  warming  subjects  in  cold  environments. 

It  has  been  shown  (101)  that  one  of  the  major  problems  facing  divers  at 
great  depths  is  excessive  loss  of  body  heat.  This  can  lead  to  shivering 
and  performance  decrements  which  make  the  accomplishement  of  undersea 
tasks  difficult. 

Webb  (158)  has  investigated  the  application  of  LCGs  to  rewarm  divers 
by  circulating  warm  water  through  an  LCG  after  the  dive.  He  found  that 
divers  submerged  in  water  ranging  from  5 to  15®C  for  up  to  an  hour  required 
an  average  of  244  watt-hr  of  LCG  heating  to  replace  the  heat  lost  during 
the  dives.  The  completion  of  rewarming  was  not  reliably  indicated  by 
rectal,  ear  canal,  or  skin  temperature  measurements;  but  rather  by  the 
release  of  body  heat  that  had  been  previously  conserved,  a rise  in  heart 
rate,  the  restoration  of  a normal  body  heat  balance,  and  the  return  of 
cutaneous  vasomotor  control.  The  mathematical  model  is  currently  being 
used  to  analyze  Webb’s  results. 

More  interesting  perhaps  is  the  potential  application  of  LCGs  to 
provide  a heat  balance  for  subjects  during  exposure  to  a cold  ervironraent. 
Fig  e 4-10  shows  the  predictions  of  the  mathematical  model  for  the 
hypothetical  case  of  a clothed  individual  at  a metabolic  rate  of  200  watts 
in  a cold  environment  with  and  without  an  LCG.  The  results  demonstrate 
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the  usefulness  of  the  model  as  a guide  for  selection  of  LCG  parameters 
(flowrate,  inlet  temperature,  etc.)  required  for  a particular  environment. 
This  is  shovm  by  the  decrease  in  negative  heat  storage  (and  shivering) 
as  LCG  heating  is  increased.  The  set  of  inlet  temperatures  formed  by 
the  intersection  of  the  constant  inlet  temperature  lines  with  the  comfort 
band  (darker  lines)  indicates  the  amount  of  LCG  heating  required  at  each 
environment  in  order  to  maintain  comfort. 

As  mentioned  previously,  the  mathematical  model  also  shows  promise 
as  a tool  for  designing  and  analyzing  new  LCGs.  Of  special  interest  in 
this  area  is  the  recent  development  of  head-cooling  garments.  The 
results  of  several  investigations  (98,  122,  123,  126,  162-166)  indicate 
that  the  head  and  neck  are  probably  the  most  efficient  areas  for  removal 
of  heat  by  liquid  cooling.  This  apparently  results  from  the  absence 
of  significant  vasomotor  control  in  these  areas.  Thus,  vasoconstriction, 
which  may  significantly  reduce  LCG  heat  removal  in  other  regions  of  the 
body,  is  absent  in  this  case.  This  allows  a disproportionately  large 
amount  of  heat  to  be  extracted  from  the  head  and  neck. 

However,  the  usefulness  of  the  head-cooling  garment  remains  a 
controversial  subject  because  some  investigators  claim  that  it  may  subcool 
the  blood  supply  leading  to  the  hypothalamus,  thus  inhibiting  normal 
thermoregulatory  system  responses  of  sweating  and  vasodilatation,  while 
providing  a false  sense  of  subjective  comfort.  If  this  were  the  case, 
it  would  be  expected  that  head  core  temperatures  would  decrease,  sweat 
rates  would  be  reduced  or  remain  unchanged  and  deep  body  (rectal) 
temperatures  would  rise. 

In  an  attempt  to  investigate  these  effects,  the  mathematical  model 
was  used  to  simulate  an  experiment  performed  by  Williams  and  Shitzer  (165) 
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in  which  subjects  were  exposed  to  a harsh  environment  of  47 at  40^ 
relative  humidity  at  metabolic  rates  of  about  150  watts.  Runs  were 
made  with  no  LCG  cooling  and  then  with  a head-cooling  garment  supplied 
with  inlet  water  temperatures  of  10-12®C  at  flowrates  of  40  liters/hr. 

The  model  predictions  and  comparisons  to  avaiable  test  data  are  shoxm  in 
Figure  4-11. 

The  model  results  match  the  available  test  data  well  and  indicate 
that  significant  subcooling  of  the  hypothalamic  blood  supply  is  probably 
not  occurring.  This  is  concluded  from  the  fact  that  rectal  temperature 
and  heat  storage  are  both  reduced,  which  implies  a reduction  rather  than 
an  increase  in  heat  strain*  The  reduction  in  rectal  temperature  occurs 
because  a relatively  large  amount  of  metabolic  heat  is  being  transferred 
to  the  head-cooling  garment.  Consequently,  sweat  rate  is  also  lowered. 

On  the  other  hand,  the  predicted  drop  in  hypothalamic  temperature  caused 
by  head  cooling  is  not  low  enough  to  cause  a subcooling  effect.  This 
drop  is  caused  by  conductive  cooling  to  the  LCG  at  the  skin  surface  rather 
than  direct  cooling  of  the  blood  supply  which  would  have  resulted  in  a 
marked  decrease  in  hypothalamic  temperature,  associated  with  an  increase 
rather  than  a drop  in  rectal  temperature. 

The  mathematical  model  can  also  be  used  to  investigate  the  probable 
effect  of  LCG  cooling  upon  the  threshold  level  of  thermoregulatory 
responses  such  as  sweating,  shivering  and  perioheral  blood-flow. 

Figure  4-12  shows  the  results  of  simulations  made  for  a subject  wearing 
light  clothing  and  working  at  various  metabolic  rates  in  a room  temperature 
environment  (21®C)  with  and  without  an  LCG.  For  the  case  of  no  LCG,  it 
is  seen  that  at  metabolic  rates  below  160  watts,  shivering  increases 
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almost  rectilinearly  whereas  for  rates  greater  than  160  watts»  sweating 
increases  in  a rectilinear  fashion. 

The  effect  of  the  LCG  up.»n  this  curve  was  determined  by  making 
simulations  using  a fixed  inlet  temperature  of  27^C  with  a flowrate  of 
109  llters/hr.  The  results  for  the  fixed  inlet  temperature  have  the 
effect  of  displacing  the  uo-cooling  curve  to  the  right,  thus  moving  the 
thermoneutral  metabolic  rate  to  215  watts.  The  same  effects  are  also 
shown  for  the  vasoconstriction/vasodilatation  curve.  Here,  skin  blood-flow 
is  reduced  at  lower  metabolic  rates  due  to  constriction  and  increased  at 
higher  metabolic  rates  due  to  dilatation.  Again,  the  effect  of  the  LCG 
is  to  shift  the  curve  to  the  right.  Note  that  the  thermoneutral  point  for 
sweating  and  shiver'  ' occurs  at  the  same  metabolic  rate  as  that  for 
vasoconstriction  and  vasodilatation.  This  is  a consequence  of  the  us' 
of  approximately  the  same  cere  and  skin  set-points  in  the  equations  that 
characterize  these  processes  in  the  mathematical  model. 

Other  applications  of  the  model  are  not  necessarily  limited  to  cases 
in  which  subjects  are  wearing  an  LCG.  For  example,  another  use  of  the 
model  as  a strain  fndex  is  shown  in  Figure  4-13.  Here,  runs  were  made 
simulating  athletic  conditioning  programs  in  which  subjects  jogged  at  rates 
of  approximately  1 mile  every  8 min  in  hot  and  humid  environments  (35®C 
at  60%  R.H.).  The  results  indicate  that  under  such  conditions  (which  are 
typical  of  many  summer  football  training  sessions),  heat  storage  can  reach 
levels  of  performance  impairment  after  4 min,  and  may  reach  tolerance 
levels  after  7 min.  Although  such  results  are  not  universally  applicable 
since  factors  like  conditioning,  body  size  and  structure,  etc.,  are  not 
taken  into  account,  they  do  provide  a reference  that  can  be  used  as  a 
worst-case  guide  for  safe  exposure  time  of  athletes  to  sustained  exercise 
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in  stressful  environments*  Incidentally,  the  results  of  Informal  ques* 
tionnaires  concerning  the  summer  Jogging  programs  of  NASA  test  subjects 
in  Houston  have  provided  general  credibility  to  the  above  predictions. 

Another  useful  application  of  the  model  is  in  the  planning  of 
hardware  acceptability  and  human  performance  tests  to  ascertain  that 
test  conditions  are  satisfactory  from  the  standpoint  of  safety.  For 
example.  Figure  A-14  shows  the  predicted  time  for  skin  temperature  to 
reach  pain  threshold  limits  for  subjects  exposed  to  high  incident 
radiation  heating  sources  while  wearing  clothing  with  variable  insulation 
properties,  i.  predicted  results  for  nude  subjects  correlate  well  with 
available  data  in  the  literature  (103).  Typically,  results  like  these 
are  used  in  the  design  of  fire  fighting  suits;  and  have  also  been  used 
to  determine  the  acceptability  of  NASA  space  suit  designs  for  providing 
adequate  protection  from  test  conditions  simulating  severe  solar  and 
thermal  exposure  while  on  the  lunar  surface  or  in  deep  space. 

Another  interesting  area  of  application  of  the  mathematical  model 
is  in  the  investigation  of  the  effects  of  altitude  on  thermoregulation 
and  heat  loss.  From  the  equations  of  convection  and  evaporation  heat 
transfer,  one  would  predict  that  the  effect  of  altitude  upon  heat  loss 
would  be  to  decrease  convective  h ^at  loss  while  increasing  evaporation 
heat  loss  (see  equations  2.15  and  2.24,  Appendix  B) . Total  heat  loss 
should  remain  unchanged.  Decreased  convective  heat  loss  is  predicted 
because  the  convective  heat  transfer  coefficient  between  the  skin  and  the 
surrounding  air  decreases  due  to  decreased  energy  transfer  accompanying 
decreased  pressure  forces  at  altitude.  Increased  evaporation  loss  is 
predicted  due  to  an  increased  mean  free  path  between  collisions  of  water 
vapor  molecules,  resulting  in  an  increased  mass  transfer  coefficient. 
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Although  experimental  data  are  not  abundant  in  the  literature, 
several  recent  studies  have  verified  the  above  conclusions  (S3,  60,  67, 
85a,  143).  In  particular,  the  recent  work  of  Varent  et  al.  (143)  is  of 
special  interest.  Lowlanders  (subjects  unacclimatized  to  a/titude)  were 
tested  at  sea-level  and  then  at  high-altitude  (3800  meters)  at  metabolic 
rates  of  581  watts  in  a closed  room  in  wh^ch  the  environmental  conditions 
(other  than  barometric  pressure)  were  kept  constant.  The  results  were 
then  compared  to  those  for  acclimatized  subjects  who  were  natives  at  the 
high-altitude  location.  Body  temperatures  and  heat  loss  were  measured 
and  the  results  for  the  sea-level  and  high-aititude  tests  were  compared. 

Varene  et  al.  found  that  the  effect  of  altitude  was  to  decrease 
convoLtive  heat  loss  by  about  3%  while  increasing  evaporative  heat  loss 
by  almost  10%  in  unacclimatized  subjects.  They  also  found  that  increases 
in  deep-body  (core)  temperature  were  not  affected  by  the  altitude  but 
that  mean  skin  temperature  increased  during  exercise  for  unacclimatized 
subjects  at  sea  level  and  acclimatized  subjects  at  altitude,  but  actually 
decreased  for  unacclimatized  subjects  at  altitude.  The  paradoxical  drop 
in  mean  skin  temperature  resulted  in  a slightly  lower  heat  storage  rate 
(3%)  for  unacclimatized  subjects  at  altitude. 

This  finding  could  not  be  reproduced  in  the  initial  simulations  of 
the  mathematical  model,  and  evidently  resulted  from  some  physiological 
response  of  the  thermoregulatory  system  that  was  not  anticipated.  (The 
results  of  Varene *s  study  and  the  comparable  model  predictions  are  shown 
in  Table  4-1.)  In  an  attempt  to  explain  the  results,  several  model 
parameters  were  varied  ‘^o  try  to  duplicate  the  experimental  result  of 
a decrease  in  skin  temperature  during  exercise  at  altitude. 


4-38 


It  was  found  that  a 50%  reduction  In  the  skin  blood-flow  rate  used 


in  the  model  produced  the  necessary  decrease  in  mean  skin  temperature 
similar  to  Varene’s  experiment.  Without  the  50%  reduction  in  peripheral 
circulation,  calculated  skin  temperature  increased  and  more  closely 
matched  the  data  for  acclimatized  subjects.  From  this  model  result,  it 
may  be  surmised  that  in  unacclimatized  subjects  at  altitude,  blood-flow 
to  the  skin  is  probably  sacrificed  so  that  more  blood  is  available  to 
assist  the  working  muscles  in  their  hypoxic  condition.  The  decrease  in 
skin  blood-flow  then  accounts  for  the  drop  in  skin  temperature,  which, 
in  turn,  contributes  to  the  decrease  4^n  convective  heat  loss. 

On  the  other  hand,  the  model  results  for  the  experiments  with 
acclimatized  subjects  Indicate  that  the  process  of  acclimatization  to 
altitude  probably  involves  a restoration  of  normal  skin  blood-flow. 

Tills  is  permissible  after  long  term  acclimatization  because  the  working 
muscles  then  receive  adequate  oxygen  supply  due  to  an  increase  in  the 
number  of  red  blood  cells  (polycythemia).  Thii>  results  in  an  increased 
arterial  oxygen  capacity  (from  20  to  30  volumes  percent).  In  addition, 
increased  myoglobin  levels  in  the  working  muscles  themselves  facilitate 
oxygen  transfer.  The  latter  responses  are  well  knovm  physiological 
adaptations  that  accompany  acclimitization  to  altitude  (101,  102). 

Ont  additional  benefit  of  this  study  was  an  improvement  in  the  model’s 
characterization  of  respiratory  heat  loss.  Initial  runs  could  not  produce 
the  same  levels  of  increased  evaporative  heat  loss  in  unacclimatized 
subjects  that  accompanied  Varene’s  data  at  altitude.  It  was  found  chat 
the  model  was  not  accounting  for  the  increase  in  respiratory  minute 
volume  produced  by  hyperventilation  in  response  to  hypoxia.  The  respira- 
tory response  curve  shown  in  Figure  4-15  was  then  added  to  the  model,  and 
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the  resulting  increase  in  evaporative  heat  loss  by  respiration  brought 
the  model  predictions  Into  closer  agreement. 

Another  Interesting  application  of  the  model  Involves  the  effects 
of  altitude  on  heat  loss  In  a deep  space  environment.  On  Earth«  in  a 
gravity  environment,  convection  and  evaporation  normally  occur  by  2 
processes  — forced  and  free  convection.  Forced  convection  Is  heat  loss 
from  a forced  velocity  field,  while  free  convection  Is  heat  loss  resulting 
from  density  gradients  In  the  air,  leading  to  air  motion.  On  earth, 
differe  *ces  in  temperature  between  the  skin  and  the  surrounding  air  lead 
to  the  air  density  differences  that  provide  equivalent  velocities 
sufficient  to  remove  heat  and  water  vapor,  even  if  there  is  no  force'* 
air  velocity.  However,  in  a gravity-free  environment  these  density 
gradients  cease  to  be  effective;  consequently,  heat  loss  by  free  convection 
is  absent.  It  therefore  becomes  necessary  to  provide  a minimum  air 
circulation  in  order  to  assure  that  forced  convection  and  evaporation  heat 
removal  will  be  adequate  to  prevent  potentially  serious  problems  of  high 
body  temperature  and  heat  storage.  The  minimum  forced  convection  velocity 
required  depends  upon  the  spacecraft  environmentax  temperatures  and 
pressure,  and  the  individual’s  metabolic  rate.  By  using  the  mathematical 
model  to  simulate  these  variables,  it  was  found  (81)  that  forced  air 
velocities  of  25  ft /min  or  more  provide  acceptable  heat  removal  for 
moderate  metabolic  rates  and  tolerable  heat  removal  for  high  work  rates. 
These  results  are  shown  in  Figure  4-16. 

The  number  of  other  potential  applications  for  the  mathematical 
model  are  numerous,  however,  one  is  particularly  noteworthy.  In  order 
even  to  attempt  to  understand  the  complex  processes  that  occur  in  the  body, 
it  is  necessary  to  appreciate  the  intricate  interactions  that  occur 
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between  the  v'lrlous  physiological  systems  for  maintenance  of  homeostasis. 
Thus>  the  thermoregulatory  system  depends  upon  and  influences  the 
circulatory  system,  which  in  turn  affects  the  respiratory  system  whic.i, 
in  turn  affects  the  excretpru  system  and  nervous  systems,  ard  so  on. 

The  mathematical  model  described  here  is  inadequate  in  that  it  does  not 
properly  interface  with  similar  models  characterizing  other  physiological 
processes.  For  that  matter,  models  of  the  cardiovascular  system, 
respiratory  system,  nervous  system,  etc.,  are  also  inadequate  if  they 
do  not  interact  with  this  or  similar  models.  Thus,  the  integration  of 
this  model  with  those  of  other  physiological  systems  is  an  ultimate 
application  which  will  not  only  provide  more  realisti-  boundary  conditions 
for  each  model,  but  will  also  make  possible  meaningful  simulation  of  whole- 
organism  responses.  This  goal  has  yet  to  be  realized  but  is  currently 
being  undertaken  by  the  Environmental  Physiology  Branch  of  the  Johnson 
Space  Center.  The  development  of  such  an  integrated  model  could  doubt- 
less provide  better  insight  into  the  interactions  between  man  and  his 
physical  environment. 


A-41 


Legend 

■ Regression  curve  fit  to  test  data 

I I Mathematical  mode'  prediction  of  comf  ort  envelope 
A Data  of  Troutman  (140) 

O Data  of  Webb  (156) 

□ Data  of  Chambers  (32) 

0 Data  of  Crocker,  Jennings  and  Webb  (37) 

Regression  curve  fit  da?Jk 

Type  of  fib  Second  order 

Correlation 

coefficient:  .89 

Equation  of  curve: 

Y = (-3.33  V 10’®)  - .0118X  + 25.1 

Standard  error  = + 2 .6  *c 

Figure  4-1.-  LCG  inlet  temperatures  selected  for  comfort  vs  metabolic  rate. 


4-42 


LCG  inlet  temp  seleclcHl  for  c.oinlf'rt , 


0 100  200  300  400  500  600 

Metabolic  rate,  watts 

Figure  4-1.-  Concluded. 
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Regression  curve  fit 

to  test  data 

r I Mathetratical  model 

prediction  of  comfort 
envelope 

^ Data  of  Troutman  (140) 
□ Data  of  Chambers  ( .32  ) 
O Data  of  Webb  (156) 


Regression  curve  fit  data 
Type  of  fit:  Second  order 

Correlation 

coefficient:  .96 

Equation  of  curva: 

Y = .00063X^  + .257X  + 73.5 
Standard  error:  +30.5 watts 
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Figure  4-2,-  LCG  heat  removal  rate  at  comfort  vs  metabolic  rate. 


Figure  4-2.  Concluded. 
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Legend 

Regression  curve  fit  to 

test  data 

L_J  Mathematical  model 
prediction  of 
comfort  en\^lope 

□ Data  of  Chambers  using 

Apollo-type  LCG  ( 32  ) 

^ Data  for  Series  C 

for  no  LCG  cooling 

O Data  of  Webb  for  no  LCG 
cooling,  subjects  in 
shorts  and  shoes  only, 
room  temp  = 33®C  (155) 

CD  Data  of  Stolwijk  and  Hardy 
for  no  LCG  cooling,  nude 
subjects,  r om  temp=  30“C 
(134) 

. V From  bioastronautics  data  book 
fOT  no  LCG  cooling,  nude 
subjects,  room  temp  = 28®C  (103) 


Regression  curve  fit  data 

T ype  of  fit:  Secord  order 

Correlation 

coefficient:  .88 

Equation  of  curve: 

Y = (-  .00074)X^  r .818  X -79.5 
Standard  error  = ± 23  watts 

Figure  4-3.-  Total  evaporative  heat  loss  rate  at  comfort  vs  metabolic  rate. 
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Total  evaporative  heat  loss  rate^  watts 


Legend 

Regression  curve  fit 

to  test  data 

I I Mathematical  model  prediction 
of  comfort  envelope 

□ Data  of  Chambe-s  using 
Apoilo'type  LCG  (32) 

Comfort  sweat  equation  of  Fanger 

for  no  LCG  cooling,  nude 
subjects  (49) 

O Data  of  Webb  for  subjective  comfort  with  no 
LCG  cooling,  subjects  in 
shorts  and  shoes  only, 
room  temp  = 25% 

(155) 


Regression  curve  fit  data 
Type  of  fit:  Second  order 

Correlation 

coefficient:  .78 

Equation  of  curve: 

Y = (-  .0007)X^  + .655X  - 52 .6 
Standard  error:  26  grams/hr 

Figure  4-4.-  Active  sweat  rate  at  comfort  vs  metabolic  rate. 
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AcHve  sweat  rate,  grams /hr 


Figure  k-U.-  Concluded. 
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Evaporative  heat  loss  rate  due  to  active  sweaty  watts 


Legend 

I I 1.  Model  prediction  of  comfort  envelope 

for  constant  LCG  inlet  temperature 
of  17“C 

I I 2 . Model  prediction  of  comfort  envelope 

for  constant  LCG  inlet  temperature 
of  7X 

I I 3 . Model  prediction  of  comfort  envelope 

for  variable  LCG  inlet  temperature 

with  constant  water  flow  rate  of  109  iiters/hr 

Figure  4-5.-  LCG  water  flowrate  selected  for  comfort  vs  metabolic  rate. 
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Figure  4-5.-  Concluded. 
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LCG  flowrate  selected  for  comforti  Itters/hr 


Legend 

1 ] 1 . Model  prediction  for  LCG 

heat  transfer  coefficient 
= llwatts/*C 

L I 2.  = 23watls/*C 

I - 1 3.  = 42watts/®C 

Figure  Effect  of  LCG  heat  transfer  coefficient  upon  LCG  inlet 

temperature  selected  at  comfort* 
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LCG  inlet  temp  selected  at  comfort, 
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Leoend 


Upper  curve 

0 Steady*  state  rectal  temperature 
- data  of  Series  A 


Results  from  Webb  (155) 

_ . • Results  from  Hurrah  and 
Buchberg  (62) 


i Envelope  of  data  from  5 
separate  sources  - from 
bioastraonautics  data  book 
(103) 


Lower  curve 

0 Steadystate  mean  skin  temperature 
at  comfort  - data  from 
Series  A and  C 

I I I iComfort  skin  temperature  zone 
LI  1.1  of  Chambers  ( 30  ) 

r*-****«<Comfort  ilmits  of  skin  temperature 

\ j for  threshoids  of  sweating  and 

shivering  - from  Hurrah  and 
^ Buchberg  ( 62  ) 

. N Comfort  skin  temperature  zone 
'''•\  of  Waligora  and  Michael  (149) 


Figure  4-7.-  Rectal  temperature  (upper  curve)  and  zones  of  mean  skin 
temperature  at  comfort  (lower  curve)  vs  metabolic  rate,  with  LCG 
cooling. 
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Mean  skin  temperature,  *C  Rectal  temperature,  "C 


Metabolic  rate,  watts 
Figure  4-7.-  Concluded. 
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Figure  4-8.-  Comfort  band  with  performance  and  tolirance  limits. 


Active  sweat  rate,  grams/hr 


Legend 
Comfort  band 

Performance  impairment  limit 


— — — Tolerance  limit 


*—  I . Model  prediction  for 

LCG  inlet  temperature 
= 5*t 

2.=  10«C 

3.=  16  "C 

4 =21<€ 

5.  = 27‘C 

Note:  Sub  or  superscripted 
numbers  near  curves 


Figure  4-9.-  Active  sweat  rate  vs  metabolic  rate  for  comfort, 
performance  Impairment,  and  tolerance  limits. 
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Legend 

1. LCG  inlet  temperature 

= 45'*C 

2  = 40*C 

3  = 35*C 

4  = 30“C 

6  = 20®C 

7  = 10®C 

5  No  LCG 


Note:  All  « emulations 

utilize  metabolic  rate  = 200  watts, 

LCG  flow  rate  = 109  liters/hr 
and  insulation  values  for 
cold  weather  clothing. 

Figure  4-10.-  Predicted  LCG  heating  required  for  comfort  at  a metabolic 
rate  of  200  watts  in  cold  environments. 
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Figure 


Legend  for  figures  b and  c 

X T est  data  for  no  cooling 
- from  Williams  (166) 

o T est  data  for  same  conditions 
with  head  cooling 

Matfiematical  model  predictions 

Legend  for  figures  d and  e 

O Test  data  of  Williams  after  80  minutes  of  testing 
□ Mathematical  model  predictions 

Figure  4-11.-  Investigation  study  of  the  effects  of  head  cooling. 
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Rectal  temp  change  » No  cooling 
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Figure  4-11.-  Concluded. 


Shiver  rate,  watts  Total  skin  blood  flow,  liters/hour 


1 . Model  predictions  with  no  LCG  cooling 

2 • Model  predictions  with  LCG  cooling 
(LCG  inlet  temp  — 27^0 
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Metabolic  rate,  watts 

Figure  4-12*-  Study  of  the  thermoregulatory  effects  of  the  LCG  upon  skin 
bloodflow,  shivering,  and  sweating. 


Sweat  rate,  grams/hour 


Note:  For  this  simulation,  the  following  conditions 
were  utilized: 

Metabolic  rate  = 967  watts 
Atmospheric  temperature  = 35”C 
Relative  humidity  = 607o 

Clothing  insulation  values  = shorts  and  shoes  only 


Figure  4-13,-  Predicted  body  heat  storage  vs  time  for  average  subjects  running 
one  mile  every  eight  minutes  in  a hot,  humid  environment. 
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Legend 

X.  I Test  data  for  nude  subjects  - from 

bioastronautics  data  book  (103) 

1.  Mathematical  model  predictions  for 

nude  subjects 

2 . Model  predictions  for  normally 

clothed  subjects 

3 . Model  predictions  for  subjects  clotfied  in 

a garment  widi  the  insulation 
properties  cX  the  Apollo  A7L 
spacesuit 


Figure  4-14.-  Time  required  for  skin  temperature  to  reach  pain  threshold  of 
4S^C  vs  intensity  of  incident  environmental  heat  flux,  for  various  garment 
insulation  properties. 
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Figure  4-14.-  Concluded. 
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TABLE  4-1.  COMPARISON  OF  PREDICTED  AND  ACTUAL  THERMAL  DATA  - SEA  LEVEL  AND  ALTITUDE 
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Figure  A-15,-  Effect  of  acute  hypoxia  (30  minutes)  on  the  respiratory  minute 

volume  (100), 
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Ambient  oxygen  partial  pressure,  Torr 


Total  body  heat  storage,  watt-hours 


1 . Metabolic  rate  = 147  watts 

2 . Metabolic  rate  = 293  watts 

3.  Metabolic  rate  = 586  watts 
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Figure  4-16,-  Steady-state  body  heat  storage  vs  free  air  velocity  in  a zero- 

gravity  envir<»nment. 
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5.  SUMMARY 


Utilizing  test  data  and  the  results  of  a mathematical  model  of  the 
human  thermoregulatory  system,  the  control  of  thermal  balance  with  a liquid 
circulating  garment  has  been  Investigated,  The  test  data  were  generated 
from  5 series  of  experiments  In  which  environmental  and  metabolic  condi~ 
tlons  were  varied  parametrically  as  a :tion  of  several  Independent 
variables.  These  included  the  effects  of  LCG  flowrate,  LCG  inlet  tempera- 
ture, net  environmental  heat  exchange,  surrounding  gas  ventilation  rate, 
ambi^ent  pressure,  metabolic  rate,  and  subjective  vs,  obligatory  control 
of  LCG  cooling. 

It  was  found  that  for  human  test  subjects  exercising  with  an  LCG, 
skin  temperature  was  directly  related  to  the  LCG  water  temperature  and 
flowrate  rather  than  metabolic  r.ite^  Conversely,  rectal  or  head  core 
temperature  was  found  to  vary  rectilinearly  in  response  to  metabolic  rate 
and  was  independent  of  LCG  brat  removal. 

A comfort  band  based  upon  total  body  heat  storage  was  Introduced  and 
used  with  subjective  « Auations  to  assess  thermal  comfort.  It  varied 
linearly  from  0+19  watt-hr  stored  body  heat  at  a metabolic  rate  of 
146  watts  to  40  + 19  watt-Lr  stored  body  heat  at  a metabolic  rate  of 
586  watts.  Tills  band  was  shown  to  be  a most  effective  means  of  quantltatlr.2 
thermal  comfort. 

It  was  found  that  test  conditions  associated  wicn  thermal  comfort 
produced  a monotonically  increasing  relationship  between  metabolic  rate 
and  LCG  heat  dissipation  that  was  nearly  rectilinear.  On  the  other  hand, 
oft-comfort  test  condiclons  produced  results  that  were  clearly  curvilinear 
or  discontinuous#  This  effect  was  attributed  to  the  second  and  higher 
order  responses  of  the  thermoregulatory  system  when  exposed  to  off-comfort 
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conditions.  These  responses  Included  sweating^  shivering,  vasoconstriction 
and  vasodilatation. 

It  was  found  that  convective  heat  removal  by  a surrounding,  circula- 
ting gas  stream  was  almost  negligible  when  the  majority  of  metabolic  heat 
was  rejected  to  the  LCG,  This  was  found  to  be  the  case  even  when  gas 
flowrate  was  almost  doubled  from  170  to  liters/rain.  The  latter  effect 
was  attributed  to  countercurrent  heat  transfer  between  the  LCG  and  the 
circulating  gas. 

It  was  shown  that  thermal  comfort  could  be  provided  either  by  control- 
ling the  LCG  flowrate  at  a fixed  inlet  temperature  or  controlling  the  inlet 
temperature  with  a fixed  flowrate.  However,  the  latter  method  was  judged 
to  be  more  effective  because  it  provided  greater  sensitivity  and  avoided 
the  problem  of  a reduced  LCG  heat  transfer  coefficient  at  low  water 
flowrates. 

The  effect  of  variations  in  net  environmental  heat  exchange,  or  radia- 
tion heat  transfer,  was  also  investigated.  It  was  demonstrated  that  for 
the  same  water  flowrate  and  inlet  temperature,  the  LCG  was  less  effective 
at  providing  thermal  comfort  when  net  environmental  heat  exchange  was  into 
thr  suit  and  more  effective  when  it  was  out  of  the  suit.  This  was  mani- 
fested by  decreased  LCG  heat  removal,  increased  sweat  rates  and  higher  body 
heat  storage  for  the  former  condition  as  compared  to  the  latter.  The  LCG 
was  shown  to  absorb  (or  lose)  approximately  40%  of  an  increase  (or  decrease) 
in  environmental  heat  exchange.  The  remaining  60%  of  the  environmem 1 
exchange  resulted  in  higher  (or  lower)  sweat  rates  and  evaporative  heat 
loc»s. 

It  was  demonstrated  that  the  stressful  effects  of  variations  in 
environmental  heating  or  cooling,  and  changes  in  other  factors  such  as 


5-2 


metabolic  rate^  ambient  temperature,  pressure  or  humidity  could  be  countered 
by  permitting  the  subject  to  control  the  Inlet  temperature  of  the  LCG  In 
response  to  his  own  thermal  comfort. 

Test  subjects  controlled  the  cooling  of  their  LCGs  In  such  a way  as 
to  limit  sweat  rates  below  100  g/hr.  For  neutral  environments  (zero  net 
environmental  heat  exchange),  the  LCG  Inlet  temperature  selected  for 
confort  was  shown  to  be  a near-rectillnearly  decreasing  function  of 
metabolic  race  described  by  the  following  equation: 

T^niet  comfort  - -3.33  x 10“^  (Met.Rate)^  - .0118  (Met. Rate)  + 25.1. 

(“C) 

Conversely,  the  resulting  LCG  heat  removal  rate  at  comfort  was  shown  to 
be  a near-recti linearly  increasing  function  of  metabolic  rate.  This  was 
described  by: 

LCG  heat  removal  ^ 

required  for  comfort  = .00063  (Met.Rate)^  + .257  (Met. Rate)  + 73.5. 

(Watts) 

By  controlling  the  LCG  heat  removal  rate  in  this  fashion,  the  total  evap- 
orative heat  removal  rate  was  limited.  It  showed  a second  order  dependence 
upon  metabolic  rate  and  asymptotically  approached  a limit  of  150  Watts. 

The  equation  describing  this  relation  was  found  to  be: 

Total  evaporative  heat  ^ 

loss  rate  at  comfort  » -.00074  (Met. Rate)  + .818  (Met. Rate)  - 79.5. 

(Watts) 

The  greatest  portion  of  the  total  evaporative  heat  loss  was  shown  to 
arise  from  evaporation  of  active  sweat.  The  remainder  was  attributed  to 
evaporative  heat  loss  through  the  respiratory  tract  with  some  small  amount 
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occurring  from  passive  diffusion  at  the  skin  surface*  Empirical  expressions 
for  respiratory  heat  loss  shoved  that  it  accounted  for  approximately  lOZ 
of  metabolic  heat  dissipation  and  was  not  '.ficantly  affected  by  the 
presence  of  the  LCG*  On  the  other  hand,  both  .otal  evaporative  heat  loss 
rate  and  active  sweat  rate  at  comfort  were  shown  to  be  limited  to  far 
smaller  values  when  the  LCG  was  used  to  provide  a thermal  balance  as 
compared  to  similar  results  without  an  LCG«  Active  sweat  rate  at  comfort 
was  observed  to  exhibit  a second  order  dependence  upon  metabolic  rate, 
and  asymptotically  approached  a limit  below  100  g/hr.  This  was  described 
by  the  following  equation: 

Sweat  rate  at  ^ 

comfort  (g/hr)  » -.0007  (Het.Rate)  + .655  fMet.Rate)  - 52.6. 

The  usefulness  of  the  mathematical  model  as  a tool  for  interpreting 
the  test  data,  and  for  generating  trends  and  relationships  between  vario  '.s 
physiological  variables,  was  also  investigated  and  ver^.fied.  Test  data 
were  compared  to  model  predictions  and  the  resulting  comparisons  were  used 
to  evaluate  test  results,  or  as  a basis  for  adjustment  of  model  parameters 
in  order  to  enhance  the  accuracy  of  the  model.  Predictions  of  LCG  heat 
removal,  evaporative  heat  loss,  sweat  rate,  rectal  or  head  core  temperature, 
and  mean  and  individual  skin  temperatures  were  compared  to  the  test  data 
and  shown  to  be  quite  accurate.  Based  upon  these  comparisons,  adjustment 
of  several  passive  system  parameters  of  the  model  resulted  in  improved 
predictions  of  individual  skin  temperatures. 

The  parametric  relationships  between  sweat  rate,  total  body  heat 
storage,  metabolic  rate,  and  LCG  heat  transfer  rate  derived  from  the  model 
and  test  studies  resulted  in  a method  of  predicting  body  heat  storage  and 
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metabolic  rate  from  LCG  inlet  temperature  and  heat  removal*  This  correla^ 
tion  vas  used  to  evaluate  the  real-time  comfort » metabolic  work  rate»  and 
life-support  system  consumables  utilization  rate  of  astronauts  performing 
tasks  on  the  lunar  surface.  The  information  was  then  used  to  assess  real- 
time astronaut  well-being  and  to  modify  the  planned  activities  of  the 
lunar  surface  explorations  if  necessary.  Comparisons  of  the  predictions 
of  the  above  correlation  with  post-EVA  Apollo  mission  results  demonstrated 
an  accuracy  of  better  than  90%. 

The  use  of  the  model  for  various  practical  applications  was  considered. 
It  was  shown  that  the  model  could  be  used  as  an  effective  tool  for  studying 
the  performance  and  tolerance  limits  of  humans  to  thermal  stress.  It  was 
also  shown  how  it  could  be  used  to  study  the  effects  of  altitude,  clothing, 
ambient  temperature  and  humidity,  and  gravity  upon  the  resnonses  of  the 
human  thermoregulatory  system. 

Finally,  from  the  overall  comparisons  of  the  model  predictions  with 
the  test  data,  the  Inadequacies  of  the  current  model  were  1 iminated  and 
used  to  formulate  the  basis  of  a new  model  designed  to  correct  these 
shortcomings.  The  structure  and  logic  behind  the  new  model  was  also 
presented. 

Based  upon  the  results  of  the  investigations  described  above,  the 
following  conclusions  were  drawn: 

1,  The  mathematical  model  can  be  used  as  an  accurate  simulacor  of 
the  major  physiological  variables  comprising  the  human  thermoregulatory 
system,  such  as  sweat  rate,  skin  temperature,  core  temperature  and  con- 
vective, radiative  and  evaporative  heat  loss. 

2.  The  model  can  also  be  used  to  evaluate  LCG  performance  and  design. 
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3«  The  heat  storage  based  comfort  band  is  a practical  and  reasonably 
accurate  means  of  quantitating  human  thermal  comfort. 

4.  When  combined  with  the  comfort  band  and  performance  and  tolerance 
1 V alts»  the  mathematical  model  can  be  used  as  an  accurate  index  of  thermal 
stress  and  comfort. 

5*  The  current  model  should  be  revised  to  reflect  the  changes  outlined 
by  this  investigation.  The  revised  model  should  produce  improved  predlc-^ 
t jtks  of  individual  skin  temperatures  and  other  physiological  parameters. 

6.  Additional  research  is  needed  before  further  improvements  to  the 
equations  of  the  active  thermoregulatory  system  can  be  made.  This  should 
include  studies  on  the  internal  temperature  distribution  within  the  body 
BXid  possibly  organ  temperature  and  local  heat  generation  studies.  Addi-> 
tional  studies  on  the  response  to  off-comfort  conditions  would  also  be 
helpful. 
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APPENDIX  A 

LEADING  PARTICIILARS  OF  THE  APOLLO  A7L  SUIT, 

THE  APOLLO  LCG,  AND  TEST  INSTRUMENTATION  AND  EQUIPMENT 


TABLE  Al.-  LEADING  PARTICULARS  OF  THE  A7L  DAT 


Item 

Vail 

le 

A7L  PGA 
with  HMG 

PLSS 

Weight 

41.87  lb 

34.33  lb 

Operational  temperature 

+250®  F 

S/C*  wall  -20® 

limitations 

to  +150®  F , 

Leak  rate  at  3.7  paid  (max.) 

180.00  scc/mln 

i 

180.00  scc/mln  I 

(0.0315  Ib/hr) 

(0.0315  Ib/hr)  | 

Operating  pressure 

3.75  + 0.25  paid 

3.75  + 0.25  psld  j 

Structural  pressure 

6.00  paid 

6.00  psld  ! 

j 

Proof  pressure 

8.00  psld 

8.00  psld  1 

Burst  pressure 

10.00  psld 

10.00  psld  ; 

Pressure  drop 

1 

t 

1 

12  acfm,  3.5  psla. 

» 50®  F,  and  inlet  diverter 

valve  open  (IV  position) 

4.70  In.  H2O 

1 

4.70  In.  H-0  j 

^ 1 

\ 

6 acfm,  3.9  psia, 

77®  F,  and  Inlet  diverter 
valve  closed  (EV  position) 

1.80  In.  H2O 

^Spacecraft. 
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TABLE  A2.-  LEADING  PAmiCULARS  OP  THE  LIQDID-COOLING 
GABMENT  AND  MULTIPLE  HATER  CONNECTOR 


Iton 

Value 

Liquid-cool InR  garment 

Height  (charged) 

®4.60  lb 

Operating  pressure 

4.20  to  22.0  psid 

Structural  pressure 

28.50  psid 

Proof  pressure 

33.75  paid 

Burst  pressure 

47.50  psid 

Pressure  drop 

®4.0  Ib/min  and  70"  + 10*  F inlet 

3.2  psl  including  both 
halves  of  connector 

Leak  rate 

®19.0  psid  and  45"  F 

0,58  cc/hr 

Ibiltiple  water  connector 

®ressure-drop 

®4.0  Ib/min  and  70*  + 10*F,  both 
halves,  both  directions 

1,3  psi 

^Design  value. 
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TABI  A3.-  XNSTRUMEN'I  .ION  AND  EQU  ?MENT 
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sulc  gas  and  LCG 
water  to  desired 
spec If lea  t Ion  s 
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LCG  Connector  - 


Aluminum  tubing  multiple 
outlet  90®  elbow 


Multiple 

tube 


PVC  modified  flexible 
plastic  tubing 


Plastic  tubing  tie 
multiple  outlet 


F Igure  A-1 . Coolant  system  of  die  LCG 
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Figure  A-2 . DeUlled  schematic  of  the  Portable  Life  Support  System  (PLSS). 
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F.igtife  A-5.  A7L  suit  r ApoMo  LCG  PLSS^ 

qhanher  in  lest  series  0 
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Fi<iu:e  A-7.  Subject  eycrci^tnq  on  stcfi  tiuring  test  series  D 


APPENDIX  B 

TECHNICAL  DESCRIPTION 
OF  THE 

mathematical  model 
(80,  83,  125) 


NOMENCLATURE 


A 

8 


s.c' 


s.r 


B 


D 

E 

max 

F 

G 

Gr 

h 


k 

L 


m 


A 

M 

M 

o 

Nu 

p 

Pr 


M 


vr 


P 

V 


2 

Skin  Area,  Ft 

2 

Convective  and  Radiative  Skin  Area,  Ft 
Heart  Output,  Pulses  per  Minute 
Heat  Capacity,  Btu/lb 

m 

Cold  Sensation  Signals, 

Control  Coefficients  for  Sweat,  Vasoconstriction, 
Vasodilation,  and  Shiver 
Temperature  Difference,  *F 
Maximum  Evaporation,  Btu/hr 
View  Factor 

Dimensionless  Gravitational  Acceleration 

Grashof  number 

Enthalpy,  Btu/lb 
m 

2 

Conve'itlve  and  Radiative  Coefficients,  Btu/hr-ft  — “F 

Enthalpy  of  Evaporation,  Btu/lb 

m 

Thermal  Conductivity,  Btu/hr-ft-“F 

Tuxckness,  ft 

Mass,  lb 
m 

Mass  Flow  Rate,  lb  /hr 
m 

Metabolism,  Btu/hr 

Molecular  Weight  of  Oxygen  and  Water 

Nr'”*'lt  Number 

Pressure,  psia 

Prandtl  Number 

Partial  pressure,  psla 
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Control  Coefficients  for  Sweat,  Vasoconstricticm 

8W  CO  dl  8h  * 


blood 
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sweat 
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Re 


S , S , S . 
8*  c d 
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8W  CO  di  sh 


t 

t 


Vasodilation,  and  Shiver 
Heat  Transfer,  Btu/hr 
Blood  Flow  Heat  Transfer,  Btu/hr 
Conductive  Transfer,  Btu/hr 
Convective  Transfer,  Btu/hr 
Coolant  Heat  Transfer,  Btu/hr 
Diffusion  r*eat  Transfer,  Btu/hr 
Evaporative  Transfer,  Btu/hr 
Heat  Generation,  Btu/hr 
Radiative  Transfer,  Btu/hr 
Respiratory  Heat  Transfer,  Btu/hr 
Shiver  Heat  Generation,  Btu/hr 
Energy  Storage,  Btu 
Sweat  Heat  Transfer,  Btu/hr 
Conductance,  Btu/hr-*F 
Reynolds  Number 

Gas  Constant  for  Oxygen,  ft-lb-/lb  -®R 

t XQ 

Control  Signals  for  Sweat,  Vasoconstriction,  and 
Vasodilation 

Control  Coefficients  for  Sweat,  Vasoconstriction 

Vasodilation,  and  Shiver 

Temperature,  *F 

Average  Temperature,  “F 

Inlet  and  Outlet  Temperature,  "F 

Set  Temperature,  ®F 
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U 

UA 
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V \ 

“c,  “d 
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resp 
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sh 


sv 


wk 
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Subscripts 

b 


c 

d 


Temperature,  *R 

Internal  Energy,  Btu/hr 

Overall  Conductance,  Btu/hr-*F 

Velocity,  ft /min 

Work,  Btu/hr 

Warm  Sensation  Signals, 

Vasoconstriction  and  Vasodilation  Distribution 

Garment  Area  Distribution 

Thermoreceptor  Distribution 

Respiratory  Heat  Transfer  Distribution 

Skin  Area  Distribution 

Shiver  Distribution 

Sweat  Distribution 

Coolant  Distribution 

Work  Distribution 

Emlttance 

Ventilation  Efficiency 
Mechanical  Efficiency 
Net  Efficiency 

Stefan  - Boltzmann  Constant,  Btu/hr-ft^-*R^ 
Time,  hr 

Blood 

Core 

Environment 
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Gaiuent 


^htscle 

Basal 

Radiative 

Skin 


Coolant 


MODEL  DESCRIPTION 


The  thermal  system  of  man  Is  conveniently  analyzed  by  considering  a 
controlled  system  and  a controlling  system  (2]t  The  controlled  system 
Is  associated  with  the  various  thermal  characteristics  and  energy  trans- 
fer mechanisms  found  In  man.  Body  temperature  regulation  through  sweating, 
shivering,  and  variable  blood  flow  rate  Is  the  function  of  the  control- 
ling system.  Energy  balances  applicable  to  energy  transfer  In  man  are 
given  In  Section  1.  A description  of  energy  terms  Introduced  In  the 
energy  balances  Is  presented  In  Section  2.  Expressions  as  modeled  for 
the  controlling  system  are  discussed  In  Section  3. 

1.  ENERGY  BALANCES 

Analysis  of  energy  transfer  mechanisms  associated  trlth  man  begins 
with  the  first  law  of  thermodynamics  which  may  be  written  for  steady  flow 
condition  as* 

me  — - M-  W-  Q + A (mh)  (1.1) 

GT 

The  term  on  the  left  of  Eq  (1.1)  represents  the  time  rate  of  change 
of  internal  energy.  M and  W denote  energy  generation  and  external  work, 
respectively.  Energy  transfer  as  heat  is  denoted  by  Q.  This  term  Includes 
heat  transfer  by  conduction,  convection,  radiation,  and  evaporation  within 
man  as  well  as  between  him  and  his  environment.  Respiratory  heat  transfer 
Is  also  Included  In  this  term.  The  A - symbol  of  Eq.  (1.1)  denotes  the 
difference  between  the  product  of  mass  flow  and  enthalpy  for  Inlet  and 
outlet  conditions.  Energy  transfer  associated  with  food  intake  and  waste 
products  Is  Included  in  this  term.  Except  In  certain  a;  plications,  energy 
content  of  these  materials  may  be  neglected. 

tReferences  shown  In  brackets  are  presented  In  the  Appendix  B References. 
♦Notation  t and  T designate  temperatures  In  *F  and  *R,  respectively. 


B-5 


Before  conservation  of  energy  can  be  applied  directly  to  evaluation 
of  the  thermal  response  of  man,  temperature  distribution  and  material 
properties  of  man  must  be  considered.  A man  at  rest  may  exhibit  an  internal 
body  tissue  temperature  approximately  S"F  higher  than  the  skin  temperature. 
At  higher  activity  levels,  this  temperature  difference  may  Increase  to 
10**F.  Although  these  temperature  differences  are  not  large  in  view  of 
certain  applications,  they  are  significant  for  the  thermal  state  of  man. 

The  body  Is  composed  of  heterogeneous  material  which  result  in  non-uniform 
physical  and  thermal  properties.  Effects  of  non-unlforra  temperature  dis- 
tribution and  properties  are  accounted  for  by  subdividing  the  body  into 
several  elements.  Each  body  element  has  uniform  temperature  distribution 
and  properties.  During  the  initial  development  of  the  thermal  model, 
the  body  was  divided  into  core  and  skin  layers.  However,  It  became 
apparent  that  two  segments  were  Insufficient  and  a finer  subdivision  was 
needed.  In  the  present  model,  41  nodes  are  employed.  The  body  Is  sub- 
divided Into  ten  segments  consisting  of  head,  trunk,  as  well  as  right  and 
left  arms,  hands,  legs,  and  feet.  Each  segment  Is  further  divided  into 
core,  muscle,  fat,  and  skin  layers.  An  additional  segment  which  remains 
as  a whole  's  the  blood  compartment.  A spherical  shape  Is  assumed  for  the 
head  with  circular  cylinders  for  the  remaining  segments.  Representative 
surface  areas,  volumes,  and  weights  for  the  various  segments  and  layers 
are  given  by  Stolwijk  [2].  Energy  balance  for  each  layer  Is  written  to 
Include  stored  energy  rate,  energy  generation  due  to  metabolism,  work, 
and  shiver  as  well  as  energy  exchange  by  conduction  with  adjacent  layers, 
by  convection  with  the  blood  compartment,  and  by  conduction,  convection, 
radiation,  and  evaporation  with  the  environment.  Appropriate  energy 

balances  for  each  layer  follow. 
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1.1  Core  Layers 


Core  layers  exchange  energy  by  conduction  with  muscle  layers  and  by 
convection  with  the  blood  compartment.  Read  and  trunk  layers  also 
exchange  energy  with  the  respiratory  tract.  Energy  balance  for  core 
layers  is  written  as 

dr^  ^gen,c  ^ %lood,c  ^cond,c  ^resp,c  (1*2) 

In  Eq.  (1.2),  ^ represents  heat  generation  due  to  metabolism, 

work,  and  shiver.  Convective  heat  transfer  due  to  blood  flow  Is  denoted 

Qli  j • Q j designates  conduction  heat  transfer  between  core 
^ blood, c cond,c  ® 

and  muscle  layers.  Respiratory  tract  heat  transfer  Is  represented  by 
Q and  Is  applicable  only  for  the  head  and  trunk  core  layers. 

Specific  expressions  for  each  energy  transfer  term  are  given  In  Section  2. 


1,2  Muscle  Layers 

Muscle  layers  exchange  energy  by  conduction  with  core  and  fat  layers, 
by  convection  with  the  blood  compartment,  and,  for  head  and  trunk  layers, 
with  the  respiratory  tract.  Energy  balance  for  muscle  layers  is  expressed 
as 


dt 

m c 
m m dr 


Q +Qvij+Q^-Qj-Q  (1*3) 

gen,m  blood, m cond,c  cond,m  resp,m 


where  Q . represents  conduction  between  muscle  and  fat  layers.  Respira- 
cond  ,in 

tory  heat  transfer  applies  only  for  Che  head  and  crunk  muscle  layers. 


1.3  Fat  Layers 

Fat  layers  exchange  energy  by  conduction  with  muscle  and  skin  layers, 
by  convection  with  Che  blood  compartment,  and,  for  head  layer,  with  Che 
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respiratory  tract.  Energy  balance  for  fat  layers  is 

®f*^f  <Jt  ^gen,f  ^ %lood,f  ^ ^cond,m  " *^cond,f  ~ ^resp>f 


where  Q . . denotes  conduction  between  fat  and  skin  layer, 
cona ( I 


1.4  Skin  Layers 

Energy  transfer  mechanisms  for  skin  layers  may  be  more  numerous 
since  these  layers  may  exchange  energy  with  the  environment  by  conduction, 
convection,  radiation,  and  evaporation.  Furthermore,  a garment  or  layer 
of  clothing  may  cover  certain  skin  areas  where  energy  exchange  for  these 
skin  layers  is  by  conduction  to  the  garment  and  by  evaporation.  Tn  some 
applications,  the  tubes  of  a Liquid  Conditioning  Garment  (LCG)  are  in 
contact  with  skin  areas.  Water  circulated  through  these  tubes  at  various 
flowrates  and  temperatures  can  provide  very  significant  conductive  cooling. 
Skin  layers  also  exchange  energy  by  convection  with  the  blood  compartment 
and  by  conduction  with  fat  layers.  Energy  balance  for  skin  layers  assumes 
the  form 


dt 

m c - Q +Quij  +Q  j -Q 

s 8 at  gen, 8 blood, s cond,f  cond,s  conv,e 


” ^rad,e  *^evap,e  \cG 


(1.5) 


where  ^ designates  conduction  between  skin  layei.s  and  envlronnent 

or  garment.  Convection,  radiation,  and  evaporation  heat  exchange  with  the 
environment  are  represented  by  Q > Q j find  Q , respectively. 

Heat  transfer  to  an  LCG  Is  denoted  by  Evaporation  Is  actually  a 

mass  transfer  mechanism,  but  for  convenience  Is  Included  as  a heat  transfer 
mode.  Exposed  skin  areas  exchange  energy  with  the  environment  by  all 
mechanisms  wl*-h  conduction  being  generally  least  significant.  Convection 
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and  radiation  for  covered  akin  areas  may  be  neglected  but  evaporation  may 
still  be  important  due  to  moisture  permeation  of  garment. 

1,5  Garment  Layers 

Although  garment  layers  are  not  directly  associated  with  the  body, 
energy  balances  are  presented.  The  garment  Is  subdivided  Into  segments 
corresponding  to  those  for  the  skin  areas.  Energy  exchange  for  garment 
layers  occurs;  by  conduction  with  skin  layers  as  well  as  by  convection  and 
radiation  with  the  environment.  Condensation  of  sweat  In  garment  layers 
Is  absent  [3].  Furthermore,  heat  transfer  from  garment  layers  to  the  LCG 
and  the  thermal  response  of  the  garment  are  neglected.  Energy  balance 
for  garment  layers  Is 

Q . “ Q j + Q (1.6) 

cond,8  rad,  e conv,  e 

This  expression  applies  only  to  skin  areas  covered  by  garment  layers. 


where  Q. . . represents  total  heat  transfer  by  blood  flow  to  all  body 

blood 

layers . 
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2 


ENERGY  TRANSFER  TERMS 


Energy  transfer  In  loan  Is  associated  with  energy  generation  due  to 
metabolism^  work^  and  shiver  as  well  as  with  conduction  between  adjacent 
tissue  layers  and  convection  due  to  blood  flow,  Man  exchanges  energy  with 
his  environment  through  conductive,  convective,  radiative,  and  evaporative 
transfer  mechanisms.  Each  energy  term  ir  reduced  in  the  energy  balances 
is  des-jribed  in  the  following  sections, 

2,1  Heat  Generation 

Heat  generation  as  employed  in  energy  balances  refers  to  energy  gen- 
eration due  to  metabolism,  work,  and  shiver  and  represents  the  M-W  term 
in  the  generalized  conservation  of  energy  equation,  EQ  (1.1).  Metabolism 
is  the  product  of  chemical  reactions  within  the  body.  At  complete  rest, 
the  metabolic  rate  is  commonlv  referred  to  as  basal  metabolism  with  a 
typical  value  for  the  whole  body  of  278  Btu/hr.  Work  refers  to  external 
mechanical  work  performed  by  or  on  the  body.  Performance  of  work  causes 
a change  in  metabolic  rate  which  may  be  related  through  introduction  of 
an  efficiency  factor  as  defined  later,  Shivei  is  activation  of  muscle 
layers  and  is  a control  mechanism  for  maintenance  of  body  t -rperature  in 
a cold  environment. 

Metabolic  rates  for  core,  fat,  and  skin  layers  are  taken  as  these 
attributed  to  basal  metabolism.  Thus,  these  layers  do  not  contribute  to 
work  and  shiver*  Heat  generation  for  core  layers  is  written  as 


gen,c 


M 


o.c 


(2.1) 


where  M is  basal  metabolism  with  typical  values  for  e«-  :h  core  layer 
o,c 

given  in  Table  1,  Similar  expressions  for  fat  and  sk:<n  layers  are  appli- 
cable with  basal  metabolism  values  also  listed  In  Table  1, 
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As  previously  noted,  %iork.  and  shiver  are  assigned  to  muscle  layers 


&at  generation  for  these  layers  Is  expressed  as 


^gen,m  o^m 


wk 


(2e2) 


where  ^^enotes  muscle  basal  metabolism  with  Velues  given  in  Table  1. 

represents  distribution  of  metabolic  rate  above  basal  metabolism  and 

of  work  assigned  to  each  muscle  layer*  Slmilarily»  a « is  distribution 

sn 

of  shiver  throughout  mus^'3  layers.  Values  for  work  and  shiver  distri- 
bution in  muscle  layers  are  given  in  Table  2.  It  would  be  expected  that 
work  distribution  in  muscle  layers  is  dependent  upon  the  type  of  activity 
performed  by  man.  Further  study  is  needed  to  define  work  distribuiton 
for  different  activities.  Metabolic  rate  and  total  basal  metabolism  are 
denoted  by  M and  respectively.  Values  of  metabolic  rate  for  several 
common  activities  are  given  by  Fanger  [4).  Total  basal  metabolism  has  a 
value  of  278  Btu/hr.  Work  and  metabolic  rates  are  combined  by  introducing 
mechanical  or  gross  efficiency  [4^5]  defined  as 


W 

\ “ M 


(2.3) 


Typical  values  of  mechanical  efficiency  for  various  activities  are  given 
by  Fanger  [4].  Effects  of  atmospheric  pressure  and  gravitational  accel--' 
eration  on  work  and,  consequently,  mechanical  efficiency  remain  to  be 
evaluated.  It  is  convenient  to  introduce  a quantity  called  net  efficiency 
[5]  defined  as 


n 


n 


W 

M-M 

o 


(2.4) 


Eqs.  (2.3)  and  (2.4)  combine  to  yield  the  following  expression  for  net 
efficiency. 
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TABLE  1.-  BODY  CAPACITANCES,  BASAL  METABOLISM,  AND  BASAL  BLOOD  FLOW 
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Table  2.-  work  and  shivhi  distributkmj  in  musclk 


SEGMENT 

®wk 

®sh 

Head 

0.0 

0.023 

Trunk 

0.3 

0.948 

Arm 

0.04 

0.00165 

Hand 

0.005 

0.00115 

Leg 

0.3 

0.0095 

Foot 

0.005 

0.00115 

Total 

0.0 

1.0 
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n • n M 
n m 

M-M 

o 

Heat  generation  expression  for  muscle  layers  than  assumes  the  form 


(2.5) 


Q « M + a . (M-M  ) (1-n  ) + a u Q 

^gen,m  o»m  wk  o a sh  shiv 


(2.6) 


Regulation  of  shiver  is  governed  by  control  mechanisms  and  is  discussed  in 
Section  3. 


2.2  Blood  Flow 

Energy  transfer  due  to  blood  flow  is  modeled  as  blood  flow  from  the 
blood  compartment  to  all  body  layers.  Blood  enters  a body  layer  at  a 
temperature  equal  to  that  of  the  blood  compartment  and  leaves  with  a 
temperature  equal  to  the  layer  temperature.  Blood  flow  heat  transfer  for 
core  layers  is  given  by 

Onood.c  - %>c  <S  - ‘c>  «•’> 

and  c^  represent  blood  flow  rate  and  heat  capacity,  respectively. 
Blood  compartment  temperature  is  denoted  by  t,  • Similar  expressions  apply 

D 

for  muscle,  fat,  and  skin  layers.  Specification  of  blood  flow  rate  for 
each  layer  is  now  examined. 

Since  core,  fat,  and  skin  layers  do  not  contribute  to  work  or  shiver, 
blood  flow  to  these  layers  is  independent  of  work  and  shiver.  Furthermore, 
vasconstriction  and  vasodilation  are  controlling  mechanisms  for  regulation 
of  blood  flow  to  skin  layers.  Recognizing  these  concepts,  blood  flow  rates 
for  core  and  fat  layers  are  assumed  to  remain  at  their  basal  values.  Thus, 
for  core  layers 


* c 


(2.8) 
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Is  basal  blood 


with  similar  expression  applicable  to  fat  layers,  m. 

0,0, c 

flow  rate  for  core  layers.  Blood  flow  rate  for  muscle  layers  Is  taken 
as  that  attributed  to  basal  c ’.Itlons  plus  that  due  to  heat  generation. 
Stol%d.Jk  [2]  states  that  the  latter  contribution  can  be  approximated  by 
assuming  that  1 Ib^  of  blood  supplies  sufficient  oxygen  to  produce  1 Btu 
of  energy  as  heat.  Hence,  for  muscle  layers 

m.*A.  +Q  -M  (2.9) 

T),m  o,b,m  gen,ra  o,m  * 

v^ere  heat  generation  for  muscle  layers  Is  given  by  Eq.  (2.6). 

Vasoconstructlon  and  vasodilation  effects  in  skin  layers  are  modeled 
as  follows 


*b 


» 


8 


* u 
o»b»8 

1 + a 

c 


■^«d 

S 

c 


(2.10) 


where  a,  and  a are  distribution  of  vasodilation  and  vasoconstriction, 

respectively,  throughout  skin  layers.  Recommended  values  are  given  in 

Table  3,  S.  and  S are  signals  for  vasodilation  and  vasoconstriction, 
d c 

respectively,  from  the  controlling  system.  Strengths  of  these  signals 

depend  on  skin  temperature  levels  compared  to  desired  temperature  levels. 

These  signals  are  further  discussed  in  Section  3. 

Recommended  basal  blood  flow  rates  for  each  body  layer  are  given  in 

Table  1.  Blood  heat  capacity  is  taken  as  1.0  Btu/lb  - "F.  An  important 

m 

parameter  rel::ted  to  heart  output  is  the  number  of  pulses  or  beats  per 
minute  required  by  the  heart  to  pump  a given  quantity  of  blood  through 
the  physiological  system.  Number  of  pulses  per  minute  Is  given  by 


6 


5.926 

60 


(2.10) 
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TABLE  3.-  VASOCONSTRICTION,  VASODILATION,  SWEAT,  AREA 
AND  RECEPTOR  DISTRIBUTION  IN  SKIN 


SEGMENT 

a 

a 

a 

a 

c 

d 

sw 

s 

r 

Head 

0.05 

0.132 

0.081 

0.07 

0.0827 

Trunk 

0.15 

0.322 

0.482 

0.3602 

0.587 

Arm 

0.025 

0.0475 

0.077 

0.06705 

0.0411 

Hand 

0.175 

0.115 

0.0155 

0.025 

0.011075 

Leg 

0.025 

0.061 

0.1095 

0.1587 

0.093 

Foot 

0.175 

0.05 

0.0175 

0.0343 

0.01995 

Total 

1.0 

1.0 

1.0 

1.0 

1.0 
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where  the  average  cardiac  stroke  volume  is  Incorporated  in  the  constant 
(5*926)  and  is  total  blood  flow  rate  from  the  blood  compartment. 

2.3  Conduction  Between  Layers 

Since  adjacent  body  layers  may  exhibit  different  temperatures^  there 
is  conductive  transfer  between  the  layers.  The  general  form  for  conduction 
may  be  written  as 


xond 


R (tj  - tj) 


(2.11) 


where  R is  conductance  between  adjacent  nodes  at  temperatures  of  t^^  and 
t^*  Various  formulations  [6]  may  be  employed  to  evaluate  conductance  for 
inhomogeneous  materials.  The  method  employed  here  is  that  attributed  to 
Stolwijk  [7]  and  resultant  conductances  are  given  in  Table  4. 


2.4  Environment 

Energy  transfer  from  skin  layers  to  the  environment  occurs  by  con- 
duction, convection,  radiation,  and  evaporatxu*  . Some  skin  areas  may  be 
covered  by  a garment  where  convection  and  radiation  are  negligible  and 
conduction  is  between  skin  and  garment  layers.  In  some  applications,  the 
skin  is  in  contact  with  LCG  cooling  tubes  and  energy  transfer  to  the 
coolant  must  be  considered.  Conduction,  convection,  and  radiation  are 
sometimes  ref€:rred  to  as  sensible  heat  transfer,  whereas  evaporation  is 
called  latent  heat  transfer.  Furthermore,  as  is  discusi^ed  later,  res- 
piratory heat  transfer  may  be  broken  down  into  sensible  and  latent  com- 
ponents. In  the  following  presentation,  each  energy  transfer  mechanism 
contributing  to  heat  transfer  between  man  and  his  environment  is  examined. 
In  order  to  keep  the  discussion  general,  the  surrounding  atmosphere  is 
referred  to  as  a gas. 
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TABLE  4.-  CONDUCTIVE  RESISTANCES* 


SEGMENT 

CORE  TO 
MUSCLE 

MUSCLE 
TO  FAT 

FAT  TO 
SKIN 

Head 

8.85 

12.82 

22.60 

Trunk 

3.09 

10.70 

28.05 

Arm 

3.18 

8.32 

22.80 

Hand 

4.50 

8.32 

9.41 

Leg 

5.75 

18.70 

35.50 

Foot 

5.54 

13.36 

11.93 

*R-conductance,  Btu/hr  - *F 
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Conductive  transfer  exists  when  skin  layers  are  in  direct  contact 
with  an  object  and,  in  roost  applications,  may  be  neglected.  A situation 
which  requires  further  examination  is  zero  gravity  with  no  gas  velocity 
where  convection  would  be  zero.  Conduction  would  then  occur  from  skin 
layers  to  the  surrounding  gas. 

Convective  transfer  from  skin  layers  to  surrounding  gas  is  given  by 
Newton’s  ”Law  of  Cooling”  [8] 


'conv,e 


h A 
c s,c 


(2.12) 


where  h is  convective  coefficient  and  A is  skin  area.  Total  skin  area 
c s,c 

is  given  by 


A « 
a 


(2.13) 


where  is  fraction  of  skin  ar-^  a particular  body  segment  with  values 
given  in  Table  3.  Surrounding  gas  temperature  is  denoted  by  t^.  Specifi- 
cation of  the  convective  r.oefficient  depends  on  whether  the  gas  flow  was 
induced  by  forced  or  froe  convection  effects  and  whether  the  motion  is 
laminar  or  turb'i^nc.  For  forced  convection,  data  can  be  conveniently 
correlated  by  using  the  following  expression 

Su  - 0 Re^  Pr^  (2.14) 


where  Nu  is  Nusselt  number  or  dimensionless  convective  coefficient.  Re  is 
Reynolds  number,  and  Pr  is  Prandtl  number.  Values  of  constants  C,  i,  and  j 
depend  ^n  the  range  of  Reynolds  numbers  of  interest.  The  results  of  a 
study  by  Berenson  [9]  were  used  to  generate  values  of  0.60,  1/2,  and 
1/3  for  C,  1,  and  j,  respectively.  This  analysis  considered  forced  con- 
vection for  man  as  flow  perpendicular  to  a circular  cylinder  with  a 
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diameter  of  1 ft*  Properties  of  the  gas  were  assumed  to  be  those  for  air 
at  atmospheric  pressure.  The  resultant  expression  for  the  convective 
coefficient  Is  as  follows 

1/2 

h • 0.0212  (V  P (2.15) 

c e e 

where  is  gas  velocity  and  P^  is  total  gas  pressure.  Free  convection 
data  can  be  correlated  with  an  expression  of  the  form 

Nu  - C (Gr  Pr)^  (2.16) 


where  Gr  is  Grashof  number.  Values  of  constants  C and  i depend  on  the 
range  of  the  product  of  Grashof  and  Prandtl  number  of  Interest.  For  a 
man,  Berenson  [91  considered  free  convection  from  a vertical  cylinder  with 
length  equal  to  6 ft  and  used  the  theoretical  expression  derived  for 
Nusselt  number  [8]«  Using  his  results,  the  following  expression  was 
obtained  for  atmospheric  air 

2 1/4 

h * 0.06  [P  ^ G ;t  - t ) (2.17) 

c e s e 

where  G represents  the  ratio  of  gravitational  acceleration  to  the  corres- 
ponding value  on  earth.  In  situations  were  both  forced  and  free  convection 
effects  exist,  it  is  recommended  that  the  maximum  value  of  the  convective 
coefficient  calculated  from  Eqs  (2.15)  and  (2.17)  be  used. 

Radiative  transfer  is  evaluated  by  assuming  that  skin  areas  view 
surrounding  walls  that  are  perfect  radiators  at  a temperature  of  t^. 
Radiant  exchange  between  the  body  segments  is  approximated  by  use  of  an 

effective  radiative  skin  area,  A . Radiative  transfer  to  the  environ- 

s,r 

ment  is  then  expressed  as  [8] 


Q • h A (t 

^rad,e  r s,r  s 


(2.18) 
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where  denotes  radiative  coefficient  evaluated  from 


h -oc  F (T^+T^)(T  +T) 
r 88W  8 r s r 


(2.19) 


In  Eq  (2.19),  o l8  Setefan-Boltzmann  constant,  e is  skin  emlttance,  and 

s 

is  view  factor  between  skin  and  surrounding  walls.  Typically  assumed 
values  for  emlttance  and  view  factor  are  0.9  and  1.0,  respectively. 

Fanger  [12]  presents  view  factors  for  man  to  different  areas  of  a room 
that  vrlll  soon  be  Incorporated  in  this  analysis.  This  would  allow  for 
including  effects  of  non-unirorm  surrounding  wall  temperature  distribution 
on  the  thermal  state  of  man. 

Evaporative  transfer  consists  of  water  vapor  diffusion  and  evaporation 
of  sweat  from  the  skin  surface  and  may  be  written  as 


Q = + Q 

evap,e  diff,e  sweat, e 

Each  component  of  evaporative  transfer  expression 
general  form 


(2.20) 

has  the  following 


Q = m h 


fg 


(2.21) 


where  ib  is  mass  flow  of  water  for  diffusion  or  evaporation,  h^^  represents 
latent  heat  of  vaporization  at  skin  temperature  with  a typical  value  of 


1040  Btu/lb  . Diffusion  is  given  by  the  following  expression  [4] 
m 


^diff.e 


6.66  A 

s»c 


(P  - p J ) 
v,8  v,dew 


(2.22) 


where  P and  P , are  water  vapor  partial  pressures  evaluated  at  skin 
v,8  v,dew  r r 

and  gas  dewpoint  temperatures » respectively.  Sweat  Is  a mechanism  for 
maintaining  body  temperature  In  a warm  environment.  Based  on  physiological 
data  reported  In  the  literature , the  following  expression  Is  used  for  sweat 
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heat  transfer 


Q , • o S 2^^s"  *^set,s)/4  (2.23) 

^sweat»e  sw  s 

where  a Is  sweat  distribution  over  skin  areas  with  values  given  In 
sw 

Table  3.  S Is  the  sweat  signal  from  the  control  mechanism  and  Is  dls- 
8 

cussed  In  Section  3.  Skin  set  temperature  is  denoted  by  t ^ _ with  values 

set , 8 

given  in  Section  3.  Recent  results  reported  by  Stolwljk  [21  suggest  that 
the  factor  of  4 be  replaced  by  10.  When  skin  areas  become  completelv 
wetted  with  swe  t,  maximum  evaporation  of  sweat  occurs  and  remaining  sweat 
drips  off  the  body  and  does  not  contribute  to  temperature  regulation.  For 
forced  evaporation,  the  results  of  Berenson  were  utilized  to  derive  the 
following  expression  for  maximum  evaporative  heat  transfer: 


E 

max 


0.126  A T ne  (V/P  (P 

s,c  e e e v,s 


P .4  ) 

v,dew 


(2.24) 


similarly,  for  maximum  free  evaporation 


E = 1.32  A ’’efp  G [0.005  P (t„  - t ) + 1.02  (P„  ^ - P,  . )] 

max  s,c  **  e 8 e v,s  v,dew 

e 


(P  - P ^ 
v,8  v,dew  J 


(2.25) 


In  Eq  (2.24),  represents  the  ventilation  efficiency  of  the  surroundings. 
Maximum  evaporation  rates  are  calculated  from  Eqs  (2.24)  and  (2.25)  and 
then  compared  with  evaporative  transfer  given  by  Eq  (2.20)  Is  used  unless 
it  exceeds  Eqs  2.24  or  Eqs  2.25,  In  which  case,  the  latter  expressions  are 
used  for  evaporative  heat  removal  rate. 

Covered  skin  areas  may  exhibit  conductive  energy  transfer  to  a coolant 
flowing  In  tubes  that  are  In  contact  with  the  skin  (LCG).  Furthermore, 
conduction  to  the  garment  and  evaporation  still  exist  for  these  skin  areas. 
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Heat  transfer  to  the  LCG  is  estimated  by  evaluating  an  average  temperature 
of  skin  areas  covered  by  cooling  tubes  from  the  expression 


(2.26) 


where  summation  extends  over  skin  areas  covered  by  the  LCG.  Typically 

head,  hands,  and  feet  skin  areas  are  not  covered.  Heat  transfer  from  the 

garment  to  the  coolant  is  neglected.  For  a given  inlet  water  temperature 

t.  , the  outlet  water  temperature  is  obtained  from 
1,  w 


t 

o,w 


t^  + [1  - EXP  (- 
i,w 


UA 


m c 
w w 


-)](t 


s,g 


(2.27) 


Uater  flow  rate  and  heat  capacity  are  denoted  by  and  c^,  respectively. 
UA  represents  the  LCG  overall  heat  transfer  coefficient  with  a typicf 
value  of  A3. 5 Btu/hr  - "F.  Heat  transfer  from  the  skin  to  the  LCG  is 
given  as 


^LCG 


ot  m c (t 
w w w o,w 


i.g 


(2.28) 


where  is  percent  of  water  flow  assigned  to  each  skin  area.  Values  for 
coolant  flow  distribution  as  used  in  the  program  are  listed  in  Table  5. 
Conduction  from  skin  to  garment  is  approximated  by 


^cond,s  ^s,c  ^ (t^  ” '’g  ^ (2.29) 

where  k and  L represent  garment  thermal  conductivity  and  thickness, 

8 8 

respectively.  The  factor  of  L /(0.88  k ) is  called  the  Clo  value.  Con- 

8 S 

vective  transfer  from  the  garment  is  evaluated  with  skin  temperature 
replaced  by  garment  temperature  in  Eq.  (2.12)  and  associated  expressions 
for  convective  coefficient.  Similarly,  radiative  transfer  is  evaluated 
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with  skin  temperature  replaced  by  garment  temperature  In  Eqa  (2.18)  and 
(2.19) • A garment  modifies  convective  and  radiative  areas  appearing  in 
Eqs  (2*12)  and  (2*18),  respectively.  Fanger  [4]  recommends  that  the  nude 
skin  areas  be  multiplied  by  factors  that  account  for  changes  in  surface 
areas  when  a garment  covers  the  skin.  These  adjustments  in  surface  areas 
were  incorporated  in  the  program*  Diffusion  and  maximum  evaporation  rates 
tor  covered  skin  areas  are  calculated  from  Egs.  (2.22)  and  (2.24)  as  well 
as  (2.23),  respectively,  with  skin  temperature  and  water  vapor  partial 
pressure  replaced  by  corresponding  values  evaluated  at  garment  temperature. 
The  expression  for  sweat  remains  unchanged  and  no  condensation  is  assumed 
to  occur  within  the  garment.  Using  the  garment  energy  balance,  Eq  (1.6) 
and  appropriate  expressio.is  lor  conductive,  convective,  and  radiative 
transfer  terms,  garment  temperature  is  given  as 


h t + h t + (A 
r r c e c 


k / L ) t 
8.,-^S ^ 

k"/L  ) 


h + h + (A  - . - 
r c c,s  g g 


Average  garment  temperature  is  evaluated  from 


(2.30) 


t 

g 


t 

g 


(2.31) 


where  a represents  distribution  of  garment  area  for  various  bodv  segments 
g 

with  values  given  in  Table  5. 

Respiratory  heat  transfer  takes  place  within  the  respiratory  tract 
and  is  associated  with  a change  in  temperature  and  water  vapor  content 
between  Inspired  and  expired  gas.  Sensible  or  dry  respiratory  heat  transfer 
refers  to  the  former  heat  transfer  mechanism  and  latent  or  wet  respirator^ 
heat  transfer  to  the  latter  mechanism.  Total  dry  respiratory  heat  transfer 
evaluated  from  physiological  measurements  is  expressed  as 


'^resp,d 


A c (t 
resp  e resp 


(2.3?) 
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TABLE  S.-  COOLANT  FLOW  AND  GARMENT  AREA  DISTRIBUTION 


SEGMENT 

a 

w 

a 

g 

Head 

0.0 

0.0 

Trunk 

0.44 

0.3317 

Arm 

0.085 

0.104 

Hand 

0.0 

0.0 

Leg 

0.195 

0.23015 

Foot 

0.0 

0.0 

Total 

1.0 

1.0 
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and  total  vet  respiratory  heat  transfer  Is 


respfW 


B (P  ^ - 0.8  P . ) ”w 

resp  v»  t reap  v,dew  — ^ 

g g 


(2.33) 


Pulmonary  mass  flow  rate  Is  denoted  by  m and  Is  evaluated  from 
^ resp 

. 0.0418  (144)  PM  K 4 ^ a.  dr 

resp  * — * Incorporates  the  affect  of  (2.34) 

R T 
o e 

metabolic  rate  upon  respiratory  minute  volume.  In  Eq*  (2.32) » is  gas 
heat  capacity,  ^^P^^sents  the  average  respiratory  tract  temperature 

and  is  determined  frcxn 


t = t 

resp  ^ resp 


(2.35) 


where  represents  distribution  of  respiratory  heat  transfer  to  the 

various  body  layers  in  contact  with  the  respiratory  tract  with  values 
given  in  Table  6.  The  value  of  t is  the  corresponding  layer  temperature. 
Respiratory  heat  transfer  for  these  body  layers  is  given  as 


0^  “a  (Q  ) 

reap  resp  resp,d  resp,  w 


(2.36) 


It  should  be  noted  that  all  constants  appropriate  to  the  gas  mixture  are 
for  oxygen.  Fanger  [4]  reported  similar  expressions  as  Eqs  (2.32)  to 
(2.34),  however,  all  properties  were  for  air.  Appropriate  expressions  for 
other  gas  mixtures  are  also  included  in  the  model. 

An  importarr  parameter  indicative  of  the  thermal  response  of  man  is 
heat  storage  relative  to  a desired  temperature  level.  This  quantity  Is 
expressed  as 


stor 


- (t  - 


(2,37) 
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TABLE  6.-  RESPIRATORY  TRACT  HEAT  TRANSFER  DISTRIBUTION 


SEGMENT 

LAYER 

®RESP 

Head 

Core 

0.385S 

Muscle 

0.0860 

Fat 

0.0287 

Trunk 

Core 

0.238 

Muscle 

0.2615 

Total 

1.0 
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where  sunmatlon  extends  over  all  body  layers  plus  the  blood  compartment. 
Values  of  capacitances  defined  as  the  product  of  mass  and  heat  capacity 
are  given  in  Table  1 for  each  body  layer  and  for  the  blood  compartment. 
Another  parameter  of  interest  is  storage  rate  or  rate  of  change  of  internal 
energy.  This  factor  is  given  as 


D - M - W + Q 


shiv 


(Q.+Q  +Q.+Q  (2.38) 

condyS  conv,e  rad,e  evap.e 


^LCG  ^*^resp,d  ^resp,w^ 


where  sunonation  is  for  all  skin  surface  areas. 


3.  CONTROLLING  SYSTEM 

The  body  has  three  primary  control  mechanisms  for  physiological 
temperature  regulation: 

a.  Shivering 

b.  Blood  flow  rate  through  vasoconstriction  and  vasodilation 

c . Sweating 

A detailed  discussion  of  each  controller  is  given  by  Stolwijk  [2]  and 
only  functions  employed  in  the  program  are  discussed  here 

The  control  signal  for  each  mechanism  is  thought  to  originate  from 
the  difference  between  the  body  layer  temperature  and  a desired  tempera- 
ture called  a set  temperature.  Set  temperatures  represent  temperatures 
observed  when  there  is  a minimum  of  thermal  regulation  with  values  for 
each  body  layer  as  well  as  for  the  blood  compartment  given  in  Table  7. 
The  temperature  difference  is  referred  to  as  an  error  or  test  signal  and 
is  expressed  for  each  body  layer  as 

D <=  t - t set  (3.1) 
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Head 

98.6 

97.6 

97.0 

96.6 

Trunk 

98.8 

98.3 

95.9 

94.4 

Arm 

96.1 

95.1 

94.1 

93.7 

Hand 

95.9 

95.7 

95.6 

95.5 

Leg 

97.6 

96.5 

95.1 

94.5 

Foot 

95.8 

95.5 

95.7 

94.5 

Recent  experimental  results  reported  by  Stoliiljk  [2]  indicate  that  this 
signal  might  also  be  dependent  upon  the  rate  of  change  of  temperature. 

When  the  signal  is  negative,  the  body  senses  cold,  and  shiver  as  well  as 
vasoconstriction  mechanisms  ar2  activated.  Positive  values  of  this  signal 
indicate  warm  sensation,  and  sweating  as  well  as  vasodilation  mechanisms 
are  initiated.  These  observations  for  each  body  layer  are  expressed  as 
follom. 

Positive  D 

W » D,  C « 0 (3.2) 

a o 

Negative  D 

W « 0,  C - -D  (3.3) 

a o 

where  W and  C are  warm  and  cold  signals,  respectively.  Warm  and  cold 
a o 

sensations  are  thought  to  be  initiated  by  thermoreceptors  located  in  skin 
layers.  The  strength  of  the  signals  is  a function  of  a number  of  skin 
receptors.  The  total  or  integrated  warm  and  cold  signals  for  only  the 
skin  layers  are  evaluated  as  follows: 

W « Va  W (3.4) 

t r a 

and 

c » 4o  C (3.5) 

t r o 

where  is  the  distribution  of  skin  receptors  throughout  the  various 
skin  areas.  Recommended  values  of  skin  receptor  distribution  are  given 
in  Table  3. 
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The  control  signals  for  sweating,  blood  flow,  and  shivering  are 
expressed  as  the  sum  of  three  terms.  Each  term  represents  the  product  of 
a control  coefficient  and  a quantity  related  to  warm  or  cold  sensation. 
The  control  signals  are  written  as 
Sweating 


aCW  +SW+PW  W 
sw  a,c  sw  t sw  a,c  t 


(3.6) 


Vasodilation 


Cj,  W + S ..  + P- . W 

dl  a,c  dl  t dl  a,c  t 


(3.7) 


Vasoconstriction 

-CC  +SC+PC  C 
CO  o,c  CO  t CO  o,c  t 


(3.8) 


Shivering 

Q^^=C^C  +S^C+P^C  C 
shiv  sh  o,c  sh  t sh  o,c  t 


(3.9) 


where  W and  C represent  warm  and  cold  signals  for  the  head  core, 
a , c a , c 

respectively.  Typical  values  for  the  control  coefficients  are  given  in 
Table  8.  Negative  values  of  the  above  signals  should  be  set  to  zero. 
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TABLE  8.-  CONTROL  COEFFICIENTS 


REGULATION 

C* 

s-^ 

F* 

Sweating 

88A.0 

0.0 

73.4 

Vasodilation 

183.5 

0.0 

0.0 

Vasocon- 

5.55 

5.55 

0.0 

striction 

Shivering 

0.0 

0.0 

12.22 

* 

Values 

in 

column 

are 

c , 

cw 

^dl» 

c , 

CO* 

and 

^sh 

Values 

in 

column 

are 

^8W» 

^dl* 

^co* 

and 

# 

Values 

In 

CDlumn 

are 

^dl» 

"co* 

and 
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APPENDIX  C 


PBISIOLOGICAL  RELATIONSHIPS 


AND  EQUATIONS 


SYMBOLS  AND  ABBREVIATIONS  USED  IN  APPENDIX  C 


A “ skin  surface  area 

8 

CAL-EVAP  ” calculation  of  total  evaporative  heat  loss  from  body  heat 
balance  equation 

CAL-BAD  a calculation  of  net  environmental  heat  exchange  from  PLSS  heat 
balance 

C-  C-  ” constants  for  respiratory  minute  volume 

= heat  capacity  of  surrounding  gas 

C « heat  capacity  of  water 

pw 

CO^  ” carbon  dioxide  proudction  rate,  gms/mlnute 

D <■  Diffusion  coefficient  for  water  vapor  to  gas 

BVAP  = Evaporation  heat  loss 

ELECT  - Heat  Input  to  PLSS  Feedwater  from  PLSS  electronic  CI>CG  pump 
+ fan) 

FEED  HjO  « Total  PLSS  Feedwater  used 

h^^  B latent  heat  of  vaporization  of  water 

Ll(ffl  = Heat  Input  to  PLSS  Feedwater  from  PLSS  Lithium  Hydroxide  Cartridge 
m (s  gas  flowrate 

s 

” respiratory  ventilation  rate  or  minute  volume 

ffl  B LCG  water  flowrate 

w 

M.R.  ■>  Metabolic  Rate,  watts 

0^  ° Oxygen  consumption  rate,  gms/mlnute 

P = Pressure 

QD  = Evaporative  heat  loss  from  the  skin  by  passive  mass  diffusion 

QRE  « Evaporative  heat  loss  through  the  respiratory  tract 

QRC  B Convective  heat  loss  through  the  respiratory  tract 

QR  <■  Total  heat  loss  through  the  respiratory  tract 

R “ gas  constant 

C-1 


RQ  * respiratory  quotient 

T « temperature  of  Inspired  gas  or  surrounding  gas 

d 

B temperature  of  body  compartment  1 

f « temperature  of  the  respiratory  tract  (also  «>  expired  gas 

^ temperature) 

T « skin  temperature  (mean) 

s 

a LCG  water  Inlet  temperature 

T a LCG  water  outlet  temperature 

wo 

UA  a LCG  heat  transfer  coefficient 

V a volumetric  flowrate 

Wc.  a Body  weight  loss  or  collected  water  loss 

W a Specific  humidity  of  inspired  gas 

a Specific  htimldity  of  expired  gas  (saturated  at  f^) 

W a Specific  humidity  of  water  vapor  at  the  skin  surface  (saturated 

® at  r ) 

s' 

a weighting  fact  or  for  body  compartment 
p a gas  density 
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ADDITIONAL  EQUATIONS  UTILIZED  IN  RESULTS 


(1) 

R.Q. 

■ “2'®2 

(2) 

- 25.825  (M.8.)|. 

0001708  - ( )(.0000123)j 

See  Figure  Cl 

(3) 

EVAP 

“ Wt/h.  (assumes 
rg 

that  all  water  Is  evaporated) 

(A) 

QRS 

-Ah,  (f  - T ) 
r £g  r a 

(5) 

QRG 

» m h,  (w  - w ) 
r ig  r a 

(6) 

QR 

- QRS  -1-  QRE 

See  Figure  CS 

(7) 

QD 

- A D (W  - W ) 
s s a 

See  Figure  C6 

(8) 

A 

r 

- Cj^  (M.R.)  + 

See  Figure  CA 

(9) 

T 

r 

■ 

See  Tat le  6,  Appendix  B 

(10) 

UA 

-Ac  In  (*^wl 

s) 

w pw 

T - 

f 

wo 

a 

(11) 

P 

(12) 

A 

g 

« ^ 

(13) 

CaL-EVAP 

- H.R.  - RAD  - LCG-CONV  - HEAT  STORAGE  RATE.  See  Equation 

1,  Section  2 

(lA) 

CAL-RAD 

« (Feed  H2O)  - 

■ H.R.  - LiOH  > ELECT  See  Figure  2-3 
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SAMPLE  CALCULATION  OF  TOTAL  EVAPORATIVE  HEAT  LOSS  AND  ACTIVE  SWEAT  RATE 


Data  from  Test  Series  A - Sequence  5 (see  Table  Dl.) 

1.  Weight  loss  * 194  gms/hr 

2.  Insensible  carbon  loss 

CO^  produced  » 2.68  gms/mlnute 
0^  consumed  • 1.95  gms/mlnute 

Carbon  loss  » .73  gms/mlnute  x 60  44  gms/hr. 

3.  Total  weight  loss  due  to  evaporation 

« 194  - 44  ® 150  gms/hr 

4.  Total  evaporative  heat  loss  « (welg'  loss  ) x (latent  heat  of 

vaporization  of  water) 

» 150  gps/hr  X .671  watt-hr/gm  » 101  watts 

5.  Evaporative  heat  loss  by  respiration  = 54  watts  (see  Equation  5, 
Appendix  C) 

6.  Evaporative  heat  loss  by  skin  diffusion  = 15  watts  (see  Equation  7, 
appendix  C) 

7.  Evaporative  heat  loss  by  active  sweat  alone 

“ 101  - 54  - 15  “ 32  watts  (see  Equation  8,  Section  2) 

8.  Active  sweat  rate  = 32  watts/. 671  (see  Equation  9,  Section  2) 

gm 

s 48  gms/hr 

^Assumes  that  a*ll  perspiration  is  evaporated. 
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Figure  C**l.  Oxygen  consumption  vs  metabolic  rate. 


Legend 


1. 

RQ=  .707 

2. 

RQ  = .82 

3. 

RQ  = .90 

4. 

RQ=  1.0 

Equation  of  curve 

Oxygen  consumption  rate  (grams/min)  = 


25.825  X metabolic  rate  (watts)  x 
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Figure  C*6 . Sample  plot  from  equation  7,  Appendix  C for  comfort  conditions  with  air  temp  » 80  dewpoint  • 50  . 


APPENDIX  D 


SAN  MTA 


TABLE  01.-  SERIES  A - RAW  DATA 
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Av<er«g«  of  ooasureoMnts  inado  ac  5 odnute  Intervala  over  the  last  60  minutes  of  each  testt  2«  See  eqn.  2 an4  Figure  Cl» 
^eadix  C*  3.  Meaeured  over  the  last  60  minutes  of  each  test*  NOTE:  All  data  are  steady  state  values*  as  measured  at  the 

iclusioti  of  each  test  sequence*  unless  specified  otherwise • 


All  data  ara  equillbrliaa  values*  as' ttsaaured  at  the  ooaclasloii  of  each  test  seqtisiiea. 


TABLE  03.-  TEST  SERIES  C - RAH  DATA 
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LOG  oaclee  water 

te^>crsture,  *C  - 22.3  21.4  20.6  - 23.8  22.2  21.1  22.2  20.2 

mrS:  All  data  are  equUibrlua  values,  as  measured  at  the  coucluslon  of  each  test  sequence. 


TABLE  DA.-  SERIES  D - RAU  DATA 


TEST/SUBJECT 

2/F.H. 

■JiAH 

■film 

6/J.M. 

7/K.N. 

Date 

3/30/71 

4/2/71 

2/22/69 

2/26/69 

3/7/69 

2/20/69 

2/24/69 

Duration,  hr a 

6.98 

6.87 

3.17 

3.43 

3.93 

3.62 

3.52 

CO2  collected,  gva 

525.0 

478.9 

303.1 

330.1 

255.1 

298.7 

369.2 

0^  produced,  gma 

523.5 

476.5 

334.9 

349.3 

282.8 

329.7 

408.0 

RQ 

1.003 

1.005 

.905 

.945 

.902 

.906 

.905 

Total  metabolic  heat 

2133 

1943 

1330 

1402 

1122 

1310 

1620 

produced,  watt-hra 

Weight  losa.  kgma 

1.816 

1.362 

1.021 

1.475 

1.249 

1.589 

1.362 

Evaporated  water  col* 

1.125 

.642 

.549 

.558 

.400 

.749 

.633 

lected.  kgm 

Unevaporated  trater.  kgma 

.691 

.520 

.472 

.917 

.849 

.840 

.529 

Average  mean  akin  tem- 
perature. *c 

30 

30 

30 

28 

30 

32 

29 

Average  cote  tc*«pera- 
ture,  *0 

37.9 

36.8 

37.4 

37.3 

36.4 

37.2 

36.7 

Body  beat  atorage  at 
end  of  teat 9 watte*hra 

35 

*30.5 

*22.5 

19 

-30 

9.7 

53 

Average  heat  atorage 
during  teat*  watt-hra 

33 

1.5 

12 

13 

52 

28.5 

-1 

Suit  gaa  (O2)  flowrate, 
litera/hr^pure  oxygen 

170 

170 

170 

170 

170 

170 

170 

Suit  preaaure.  torr 

195 

195 

195 

195 

195 

195 

195 

Ambient  (chamber 

0 

0 

0 

0 

0 

0 

Ambient  (chamber) 
preaaure.  torr 

0 

0 

0 

0 

0 

0 

0 

Average  ault  gaa  inlet 
temperature. 

30 

24 

22 

22 

22 

22 

22 

Average  auit  gaa  outlet 
temperature. 

31.2 

23.6 

26 

28 

22 

25 

29 

LOG  water  flowrate, 
lltera/hr 

109 

109 

109 

109 

109 

109 

109 
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TABLE  D4.-  CONTINOED 


TEST  SUBJECT 

l/D.S. 

2/F.H. 

3/J.M. 

4/J.M. 

5/J.M. 

6/J.M. 

7/K.M, 

Average  LOG  inlet 

19 

22 

13.5 

11.5 

17 

23 

13 

water  temperature 
selected, 

Average  LCG  outlet 

21.5 

23 

16 

15 

19 

24.5 

17 

water  temperature. 

Average  NET  environ- 

+79 

-67 

+65  +117 

-35 

-72 

+37 

mental  heat  ex- 

Into 

out  of 

into 

into 

out  of 

out  of 

into 

change,  watts 

suit 

suit 

suit 

suit 

suit 

suit 

suit 
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TABLE  D5 


TOTAL  WATER  COLLECTED  IN  TOTAL  WATER  COLLECTED  AS 

TEST  PLSS  DUE  TO  EVAPORATIVE  PREDICTED  BY  INTEGRATION  OF 

NUMBER  HEAT  LOSS.  KGMS EVAPORATIVE  HEAT  LOSS  RATE.  KGMS 


1 

1.125 

1.88 

2 

.842 

1.67 

3 

.549 

.70 

4 

.558 

.584 

5 

.40 

.331 

6 

.749 

.736 

7 

.833 

.731 
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TkWaJt  D7.-  OOffORT  POINTS  - DATA  FROH  SERIES  A.  B.  C.  AD 

LOG  tnXT  TOTAL  EVAPORATTTE 

TEW.  SELECTED  LOG  BEAT  EVAPORATIVE  BEAT  LOSS  RATE  ACTIVE  SWEAT 

(CXABOUC  AT  OCNFORT.  RBOTAL  RATE,  HEAT  LOSS  HT  ACTIVE  RATE 


RATE.UmS 

•c 

WATTS 

RATE.  UATTS 

SWEAT.  WATTS 

OtAMS/ilODR 

293 

21 

174 

117 

77 

115 

504 

14 

379 

123 

62 

92 

322 

15 

232 

87 

45 

67 

494 

9 

405 

86 

60 

89 

354 

19 

242 

109 

63 

94 

445 

13 

303 

139 

84 

125 

424 

21 

248 

174 

121 

180 

340 

14 

211 

126 

82 

122 

146 

14 

202 

25 

0 

0 

4P9 

6 

442 

59 

0 

0 

431 

21 

246 

181 

128 

191 

146 

21 

129 

25 

0 

0 

548 

11 

448 

97 

32 

48 

505 

16 

387 

115 

54 

81 

615 

6 

472 

140 

68 

101 

569 

7 

441 

146 

77 

115 

146 

21 

1.1 

25 

0 

0 

358 

16 

206 

150 

104 

155 

445 

18 

290 

152 

97 

145 

146 

24 

110 

34 

9 

13 

410 

12 

392 

75 

27 

40 

293 

18 

219 

75 

38 

57 

528 

7 

550 

66 

6 

9 

308 

19 

200 

107 

70 

104 

296 

18 

198 

97 

62 

92 

278 

18 

239 

44 

9 

13 

276 

23 

182 

93 

59 

88 

342 

16 

274 

90 

32 

48 

433 

16 

297 

101 

32 

48 

589 

16 

386 

163 

75 

112 
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TABLE  D7.-  CONTINUED 


LCG  INLET 

TEMP.  SELECTED  LCG  HEAT 
METABOLIC  AT  COMFORT,  REMOVAL  RATE, 
RATE.WATTS ^C WATTS 


TOTAL 

EVAPORATIVE 
HEAT  LOSS 
RATE.WATTS 


EVAPORATIVE 
HEAT  LOSS  RATE 
BY  ACTIVE 
SWEAT.  WATTS 


ACTIVE  SWEAT 
RATE 

GRAMS /HOUR 


491 

7 

618 

7 

352 

19 

352 

19 

352 

18 

469 

17 

452 

129 

52i 

1A5 

154 

192 

245 

192 

294 

139 

45R 

293 

53 

79 

53 

79 

112 

167 

112 

88 

59 

88 

176 

263 
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TABLE  D8 


LCG  Heat  Removal  Dlstrlbi-*" ’on,  Z 


OLD  ( ) 

NEW  ( ) 

Trunk 

22.5 

Arms 

17 

25 

Legs 

39 

52.5 
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Figure  D-1.  Predicted  and  actual 
body  temperatures  vs  time  for 
Series  C,  sequences  1-8. 


Legend 

A : Abdomen  skin  temperature 
B : Back  skin  temperature 
c : Chest  skin  temperature 
A : Tympanic  (head  core)  temperature 

Model  predictions  using  modified  LCG 

heat  removal  distribution  (table  0-8) 

O O Test  data 

Model  predictions  using  LCG 

heat  removal  distribution  prior 
to  modification 
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Test  time,  hr 


Figure  D-2 . Predicted  and  acbial  body  temperatures 
vs  time  for  Series  C , sequences  1-8 . 

Legend 

L : Calf  skin  temperature 

T Thigh  skin  temperature 

- Model  predictions  using  modified 

LCG  heat  rmnoval  distribution 

— O Test  data 

Model  predictions  using  LCG  heat 

removal  distribution  prior  to 
modification 
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Figure  D-3.  Predicted  and  actual 
body  temperatures  vs  time  for 
Series  C,  sequences  9 and  10. 


Legend 

A - Abdomen  skin  temperature 
B ; Back  skin  temperature 
c : Chest  skin  temperature 
“ : T ympanic  (head  core)  temperature 

Model  predictions  using  modified  LCG 

heat  removal  distribution  (table  h d ) 

0----0  Test  data 

Model  predictions  using  LCG 

heat  removal  distribution  prior 
to  modification 
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Figure  D-4.  Predicted  and  actual  body  temperatures 
vs  time  for  Series  C , sequences  9 and  10 . 


Legend 

■-  : Calf  skin  temperature 

T : Thigh  skin  temperature 

Model  predictions  using  modified 

LCG  heat  removal  distribution 

0“ O Test  data 

Model  predictions  using  LCG  heat 

removal  distribution  prior  to 
modification 
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Figure  D-5.  Prediued  and  actual  skin  temperatures 
vs  time  for  Series  D,  test  no.  1 . 

Legend 

c Upper  chest  skin  temperature 
M : Forehead  skin  temperature 
8 : Lower  back  skin  temperature 
A : Forearm  skin  temperature 
^ : Leg  (calf)  skin  temperature 

9 3 Test  data 

Model  predictions 
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Figure  D*6.  Predicted  and  actual  skin  temperatures 
vs  time  for  Series  test  no.  2 . 

Legend 

c : Upper  chest  skin  temperature 

B : Lower  back  skin  temperature 

A : Forearm  skin  tempe;ature 

L : Leg  (calf)  skin  temperature 

p • Bicep  skin  temperature 

0 0 Test  data 

Model  predictions 
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Figure  D>7.  Predicted  and  actual  skin  temperatures 
for  Series  D,  test  no.  3. 

Legend 

c : Upper  chest  skin  temperature 

L : Leg  (thigh)  skin  temperature 

H : Hand  skin  temperature 

F : Foot  skin  temperature 

(*>-  — -O  Test  data 

Model  predictions 
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Figure  D-8.  Predicted  and  actual  skin  temperatures 
for  Series  D,  test  no.  4. 

Leoend 

c : Upper  chest  skin  temperature 

L : Leg  (thigh)  skin  temperature 

H : Hand  skin  temperature 

F : Foot  skin  temperature 

0 o Test  data 

Model  predictions 
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Figure  D-9.  Predicted  and  actual  skin  temperatures 
for  Series  D,  test  no.  5. 

Legend 

c : Upper  chest  skin  temperature 
: Leg  (thigh)  skin  temperature 
r : Foot  skin  temperature 
©-- -O  Test  data 
■"  — Model  predictions 
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Figure  D-10.  Prcttictcvl  anvi  actual  skin 
temperatures  for  Series  D,  test  no.  6. 

L eqend 

L • Leg  (thigh)  skin  temperature 

H : Hand  skin  temperature 

F : Foot  skin  temperature 

O O Test  data 
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Body  heat  temp, 


0 0.5  1.0  1.5  2.0  2.5  3.0  3.5  4.0 

Test  time,  hr 
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Figure  0-11.  Predicted  and  actual  skin 
temperatures  for  Series  D,  test  no.  7. 

Legend 

c : Upper  chest  skin  temperature 

t.  : Leg  (thigh)  skin  temperature 

H : Hand  skin  temperature 

F : Foot  skin  temperature 

o 0 Test  data 
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Figure  D-12 . Predicted  and  actual  steady- 
state  rectal  and  mean  skin  temperature  vs 
metabolic  rate  for  cool  and  moderate  LCG 
inlet  temperatures  using  modified  LCG 
heat  removal  distribution  - Series  A. 


Legend 


Parameter  | 

T est  data  j 

symbol  { 

j Test  condition 

Model 

prediction 

LCG  inlet  temp 

Rectal 

i"  * ^ 

^ 7“C 

1 . 

temperature 

Q ' 

16“C 

j 

Mean  skin 

u 

16“C 

2. 

temperature 

m 

T^’C  j 

1 

3. 

Note;  Dotted  lines  ( — ) represent  model 

predictions  using  LCG  heat  removal  distribution 
prior  to  modification. 
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APOLLO  EXPERIENCE  REPORT 

ASSESSMENT  OF  METABOLIC  EXPENDITURES 

By  J.  M.  Waligora,  W.  R.  Hawkins,  G.  F.  Humbert, 
L.  J.  Nelson,*  S.  J.  Vogel,*  and  L.  H.  Kuznetz 
Lyndon  B.  Johnson  Space  Center 

SUMMARY 


Before  the  first  Apollo  extravehicular  activity,  the  staff  of  the  NASA  Lyndon  B. 
Johnson  Space  Center  (formerly  the  Manned  Spacecraft  Center)  developed  operational 
methods  to  deter inine  the  energy  expenditures  of  the  crewmen.  These  methods  were 
required  to  allow  adequate  physiological  evaluation  of  the  crewmen,  *o  determine  the 
usage  rate  of  life-support  system  consumables,  and  to  provide  information  for  real- 
time activity  scheduling  and  for  planning  future  missions. 

Three  independent  methods  were  used  to  determine  crewmen  energy  expenditures. 
The  heart-rate  method  was  based  on  the  direct  linear  relationship  between  energy  ex- 
penditure and  heart  rate,  which  was  determined  before  each  flight.  The  oxygen  method 
was  based  on  the  proven  clinical  procedure  that  relates  energy  expenditure  to  oxygen 
consumption.  The  liquid-cooled-garment  method  was  based  on  a modified  direct 
calorimetric  approach  to  energy  measurement.  Preflight  testing  of  these  methods 
demonstrated  inadequacies  and  inaccuracies  that  were  corrected,  and  a system  was 
developed  that  facilitated  integration  of  the  three  methods  into  an  accurate  estimate  of 
energy  expenditure. 

During  each  extravehicular  activity,  this  integrated  estimate  was  reported  to  the 
mission  control  flight  surgeon  and  to  the  life-support  system  monitors.  Thus,  the 
flight  surgeon  was  prepared  to  make  recommendations  concerning  the  immediate  and 
future  well-being  of  the  crewmen.  Postflight  analyses  of  the  results,  combined  with 
motion  analysis,  permitted  accurate  assessments  of  energy  expenditure  for  specific 
lunar  surface  tasks.  It  was  concluded  that  these  methods  provided  reliable  information 

3 3 

on  crewmember  energy  expenditures,  which  ranged  from  822  x 10  to  1267  x 10  J/hr 
(780  to  1200  Btu  hr)  for  the  Apollo  lunar  surface  extravehicular  activities. 


^BoTing^  Company. 


INTRODUCTION 


Information  about  energy  expenditure  at  the  onset  of  planning  for  Apollo  extrave- 
hicular activity  (EVA)  was  meager.  The  observations  made  during  the  Gemini  EVA 
periods  indicated  that  the  energy  expenditures  were  greater  than  expected.  The  basis 
for  the  comparison  was  the  heart  rates  observed  during  altitude  chamber  simulations 
and  those  observed  during  the  actual  EVA.  The  greatest  deviation  between  the  expected 
heart  rates  and  the  observed  heart  rates  occurred  during  the  Gemini  XI  EVA.  fa^ad 
of  providing  a quantitative  measurement  of  metabolism,  these  observations  only  indi- 
cated that  at  times  the  metabolic  rates  were  more  than  the  life-support  system  could 
accommodate.  Data  were  available  from  l/6-g  trainers  of  many  types;  however,  there 
was  a general  lack  of  confidence  in  this  type  of  lunar  surface  simulation,  particularly 
when  the  data  were  applied  to  energy  expenditures  for  movement  on  the  unknown  terrain 
of  the  lunar  surface. 

A measurement  of  crew  metabolic  rates  was  required  for  several  reasons.  The 
basic  measurement  was  important  to  the  flight  surgeon  because  it  provided  a measure 
of  how  closely  a crewman  was  approaching  his  maximum  work  rate  either  acutely,  as 
during  a maximum  effort  when  a crewman's  maximum  oxygen  consumption  might  be 
exceeded,  or  chronically,  as  when  a sustained  moderately  high  work  rate  might  lead  to 
exhaustion.  The  metabolic  rate  also  provided  data  that  could  affect  the  flight  surgeon's 
evaluation  of  other  information  regar^ng  a crewman.  For  example,  a heart  rate  of 
130  beats/ min  would  indicate  one  level  of  concern  for  a crewman  vigorously  at  work 
and  another  for  a crewman  at  rest. 

The  metabolic  rate  measurement  was  also  important  to  the  monitors  of  the  port- 
able life-support  system  (PLSS)  because  the  useful  life  of  a PLSS  on  the  lunar  surface 
depended  on  the  usage  rate  of  consumables  (oxygen,  sublimator  water  supply,  and 
carbon  dioxide  absorber).  The  usage  rate  of  these  consumables  is  closely  related  to 
metabolic  rate;  this  relationship  was  particularly  significant  in  the  case  of  the  water 
supply  to  the  sublimator  that  provided  the  cooling  for  the  PLSS  because  'here  was  no 
measurement  of  sublimator  water  supply. 

The  metabolic  rate  measurement  provided  essential  information  for  the  lunar 
surface  activity  planners  who  assembled  a schedule  of  crew  activities  based  on  preflight 
estimations  of  the  metabolic  expenditure  and  the  time  required  to  perform  each  activity. 
These  planners  were  responsible  for  modifying  the  crewman's  activity  in  real  time  if 
the  metabolic  expenditures  for  the  activities  or  the  time  required  to  perform  the  activi- 
ties deviated  from  the  predicted  values. 

Before  the  first  Apollo  EVA,  several  groups  at  the  NASA  Lyndon  B.  Johnson  Space 
Center  (JSC)  (formerly  the  Manned  Spacecraft  Center  (MSC))  had  been  concerned  with 
metabolic  rates.  A medical  operations  group  was  responsible  for  providing  metabolic 
rate  estimates  for  specific  tasks  and  for  monitoring  the  crew  during  l/6-g  training  at 
MSC;  a medical  research  group  provided  the  metabolic  requirements  for  the  design  of 
the  life-support  system  and  sponsored  several  research  programs  to  evaluate  various 
l/6-g  simulations.  An  engineering  group  attempted  to  use  heat-loss  data  from  the 
liquid-cooled  garment  (LCG)  to  estimate  metabolic  rate  in  calculating  the  usage  of  sub- 
limator water  supply.  In  1969,  before  the  first  Apollo  EVA  (on  the  Apollo  9 mission). 
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the  Life  Sciences  Directorate  formed  a Metabolic  Assessment  Team  that  was  composed 
of  personnel  from  the  Life  Sciences  Directorate  and  a member  from  the  Engineering 
and  Development  Directorate,  all  of  whom  had  been  working  in  the  area  of  metabolism. 
The  team  also  benefited  from  support  received  from  the  Mission  Evaluation  Team  and 
other  MSC  groups.  The  Metabolic  Asse.ssment  Team  was  charged  with  the  responsi- 
bility for  reviewing  and  evaluating  real-time  data  that  would  be  available  during  EVA 
and  for  devising  procedures  to  use  these  data  in  measuring  the  crewman's  metabolic 
rates  during  EVA. 

As  a result  of  the  team's  initial  studies,  three  independent  methods  based  on  the 
most  common  laboratory  methods  were  implemented: 

1.  The  relationship  behveen  heart  rate  and  metabolic  rate 

2.  The  relationship  between  oxygen  consumption  and  metabolic  rate 

3.  The  relationship  between  the  heat  reimived  from  the  crewman  by  the  LCG  and 
metabolic  rate 

Each  method  was  used  during  ground-lxised  tests  and  each  was  found  to  provide  useful 
data  but  to  have  deficiencies  when  used  alone.  TIm-  advantages  and  deficiencies  of  these 
methods  and  the  real-time  modifications  made  to  improve  them  are  presented  in  the 
following  sections. 


HEART-RATE  METHOD 


Heart  rates  were  used  during  Apollo  flights  to  estimate  metabolic  expenditures 
during  specific  extravehicular  activities.  Because  the  heart  rate  is  an  indicator  of 
total  physiological  and  psychological  stress,  it  is  not  entirely  dependent  on  metabolic 
rate.  The  heart-rate  method  was,  however,  the  only  method  with  a timelag  short 
enough  to  allow  a minute-by- minute  estimate  of  the  energy  expenditure. 

In  addition  to  the  inaccuracies  (psychogenic  factor,  heat  storage,  and  fatigue) 
usually  associated  with  this  method  of  metabolic -rate  estimatior,  three  unique  problems 
were  encountered  during  the  Apollo  missions:  calibration-curve  inaccuracies,  crew- 
member deconditioning,  and  the  technique  used  to  determine  heart  rate.  Control  of  the 
usual  inaccuracies  was  not  considered  feasible  because  insufficient  data  were  available 
during  the  EVA;  however,  as  explained  in  this  report,  control  of  the  unique  sources  of 
inaccuracy  was  attempted. 

Calibration  curves  (heart  rate  compared  with  metabolic  rate)  for  each  individual 
were  determined  before  each  mission  by  using  standard  ergometric  calibration  tech- 
niques. Heart -rate  data  were  obtained  under  resting  conditions  and  at  several  work 
rates;  least-squares  analysis  was  used  to  determine  a linear  regression  curve. 

3 

Standard  errors  large  as  211  10  J^hr  (200  Btu  hr)  were  not  unusual.  Changes  in 

test  protocol  (more  data  points  at  various  work  rates)  did  not  significantly  increase  the 
accuracy,  and  it  was  concluded  that  this  modification  to  the  standard  laboratory  cali- 
bration procedures  was  not  worthwhile. 
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Deconditioning  of  crewmen  between  preflight  and  postflight  measurements  resulted 
in  a 10-  to  35-beats/min  increase  in  heart  rate  for  any  given  workload  experienced 
before  deconditioning.  Attempts  were  made  to  use  this  information  to  correct  the  EVA 
heart-rate/metalx>lic-ratc  curvi  by  shifting  (biasing)  the  curve.  Furthermore,  to 
obtain  information  that  would  allow  inserting  bias  into  the  curve  (which  was  assumed  to 
he  |)n>grt'Ssive  with  the  length  of  exposure  to  weightlessness),  efforts  were  made  to 
obtain  heart -rate  data  during  successive  in-flight  sleep  periods  before  the  EVA.  These 
corrtH  live  efforts  improved  the  estimates  only  slightly  because  a wide  variation  in 
indivitiual  crewmember  response  contributed  greatly  to  the  inaccuracies  inherent  in 
this  method. 

The  use  of  heart  rate  alone  as  an  independent  indicator  of  metabolic  rales  under 
space-flight  conditions  is  not  recommended.  Errors  as  large  as  80  percent  have  been 
noted.  However,  the  use  of  heart  rate  as  a dependent  method  was  useful  when  the  total 
metabolic  expenditure  as  measured  by  oxygen  and  LCG  methods  could  be  used  as  a 
reference.  After  the  first  Apollo  flights,  use  of  the  heart-rate  method  as  an  indepen- 
dent real-time  method  was  discontinued;  the  method  was  then  used  as  a real-time  and 
postflight  dependent  method.  The  relationship  between  heart  rate  and  metabolic  rate 
was  based  on  hourly  measurements  of  the  total  EVA  energy  expenditure  as  determined 
by  the  oxygen  and  l.CG  measurements.  The  heart-rate  method  then  allowed  real-time 
and  postflight  measurement  of  specific  activities  on  a minute-by-minute  basis.  An 
example  of  the  heart -rate  method  is  the  measurement  of  metabolic  rate  during  deploy- 
ment of  the  heavy  Apollo  lunar  surface  experiments  package  by  the  lunar  module  pilot. 
This  activity  took  2 to  3 minutes  to  accomplish.  The  response  of  the  oxygen  and  LCG 
methods  did  not  allow  isolation  of  this  activity,  but  the  heart -rate  method  responded 
quickly  to  this  activity  and  provided  the  best  information  on  energy  expenditure  for  the 
activity. 


OXYGEN  METHOD 


The  oxygen  method  involved  using  the  PLSS  oxygen  bottle  pressure  decay  to 
estimate  oxygen  consumption  and  thereby  metabolic  rate.  The  oxygen  bottle  pressure 
w^as  telemetered  from  each  EVA  crewman  and  displayed  in  real  time. 

Special  problems  were  associated  with  using  this  method  as  a metabolic -rate 
indicator.  For  best  accuracy  of  the  oxygen  method,  a measureinent  of  respiratory 
quotient  (RQ)  as  well  as  oxygen  consumption  is  required.  The  RQ  Is  a ratio  of  the 
amount  of  carbon  dioxide  produced  and  the  amount  of  oxygen  consumed.  There  was  no 
measurement  of  carbon  dioxide  production;  therefore,  the  RQ  had  to  be  estimated. 

A random  noise  error  was  experienced  in  the  telemetered  oxygen  bottle  pressure 
data.  To  minimize  this  error,  a metabolic  computation  was  not  performed  until  a 
significant  drop  in  bottle  pressure  occurred.  Consequently,  at  lower  metabolic  rates, 
updates  did  not  yield  information  frequently  enough  during  EVA  for  adequate  evaluation 
of  consumables  status  and  crewmember  condition. 
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The  suit  oxygen  leakage  rate  was  variable  and  had  to  be  estimated.  The  maximum 
oxygen  leakage  rate  allowed  by  the  pressure  suit  specification  was  equivalent  to  a meta^ 
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bolic  rate  of  approximately  211  ^10  .f/hr  (200  Btu/'hr). 

The  followiiu:  attempts  were  made  to  reduce  errors  associated  with  the  oxygen 
method.  The  HQ  was  determined  on  several  occasions  during  crew  (raining  and  during 
manned  tests  in  the  thermal-vacuum  facilities;  this  determination  enabled  more 
accurate  estimates  during  missions.  A suit-leak  chock  was  performed  at  the  NASA 
John  F.  Kennedy  Space  Center  before  launch  readiness  to  provide  an  indication  of  leak 
rates  to  be  expected  during  the  mission.  These  leak  rates  were  used  s initial  values 
in  the  oxygen-consumption  metallic  program.  A pressure  integrity  check  was  per- 
formed before  each  lunar  surface  KVA,  and  the  measured  le;iK  rates  were  used  to  up- 
date the  program.  Experience  indicates  that  the  suit  leak  will  increase  during  use, 
especially  if  activity  is  vigorous.  Accordingly,  upward  adjustments  were  made  in  the 
program  as  the  EVA  progressed. 


LIQUIO-COOLEO-GARWIENT  METHOD 


Because  of  the  limitations  of  the  other  methods  available  to  estimate  metabolic 
rate,  direct  calorimetry  was  the  third  method  to  bo  considered.  All  the  energy  pro- 
duced by  metabolism  is  accountable  either  as  heat  produced  or  as  physical  work;  direct 
calorimetry  is  the  measurement  of  tliis  enerp\‘  production.  A complete  energy  account- 
ing required  measurement  of  heat  removed  by  the  L.CG,  heat  (both  sensible  and  latent) 
removed  by  the  gas  stream,  heat  leak  into  or  out  of  the  pressure  suit,  and  energy  dis- 
sipated outside  the  suit  either  as  work  or  as  heat  fi-om  frictional  work. 

The  available  PLSS  data  were  lim- 
ited to  LCG  inlet  and  outlet  temperature 
and  gas  inlet  temperature  and,  at  first, 
appeared  to  be  inadequate  to  calculate  an 
energy  balance.  However,  the  availabil- 
ity of  a thermal  model  of  man  in  a 
pressure  suit  (ref.  1)  together  with  con- 
siderable empiric'.l  data  on  heat  removal 
from  man  in  a pressure  suit  (ref.  2) 
allowed  estimates  of  the  types  of  heat 
loss  not  directly  measured. 

An  LCG  heat -balance  computer 
program  was  constructed  to  estimate 
metabolic  rate.  Using  the  thermoregu- 
latory model,  a relationship  between 
LCG  heat  removal  and  metabolie  rate 
for  each  LCG  inlet  *emperature  (fig.  1) 
was  defined.  This  estimate  of  meta- 
bolic rate  was  not  dependent  on  proper 
crew  selection  of  inlet  temperature. 

The  estimate  provided  valid  data  on  the 
metabolic  rate  of  a crewman  who  had 
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Figure  1.  - Example  of  factor  1 LCG  pro- 
gram; metabolic  rate  plotted  as  a func- 
tion of  heat  picked  up  by  the  LCG  for 
each  of  a family  of  inlet  temperatures. 
Relationship  is  based  on  the  assump- 
tion that  a steady  state  exists;  crewman 
comfort  is  not  assumed. 
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not  selected  a comfortable  water  temperature  (provided  he  was  in  or  near  steady 
state).  This  estimate  of  metabolic  rate»  based  on  inlet  temperature  and  the  difference 
between  inlet  and  outlet  temperature,  was  accurate  only  when  the  data  were  rather 
stable.  The  estimate  was  not  accurate  during  a rapid  transient  of  water  temperature 
or  metabolic  rate.  To  provide  data  during  transient  periods,  a simpler  estimate  of 
metabolic  rate  was  used  that  consisted  of  a linear  equation  relating  metabolic  rate  to 
LCG  heat  removal  (fig.  2).  This  estimate  was  accurate  only  when  comfortable  coolant 
temperatures  were  selected  by  the  crewman.  A difference  in  the  two  estimates  over  a 
period  of  time  indicMttxi  that  the  crewman  was  functioning  at  either  a hotter  or  cooler 
body  temperature  than  optimum.  On  several  occasions,  this  condition  led  to  the  flight 
surgeon’s  recommendation  to  change  the  LCG  diverter  valve  setting. 

A manual  input,  identified  as  ’’factor,  was  made  available  in  the  program.  When 
the  factor  equaled  zero,  the  metabolic  rale  was  bused  on  the  estimate  using  the  differ- 
ence between  inlet  and  outlet  temperature*;  when  the  factor  equaled  1,  the  metabolic 
rate  was  based  on  the  estimate  using  the  difference  between  inlet  and  outlet  tempera- 
ture combined  with  the  absolute  value  of  the  inlet  temperature.  An  operational  proce- 
dure was  developed  for  control  of  the  factor  input  in  a consistent  manner.  Factor  1 
was  chost*n  after  obtaining  two  consistent  12-minute  readouts.  After  any  transient 
change,  factor  zero  was  reselectKi.  Other  real-time  inputs  to  the  program  included  the 
heat  leak  into  tlie  suit  and  the  LCG  flow  rale.  These  values  were  based  on  analysis  and 
wore  provided  by  the  Mission  Evaluation  Team  before  flight  and,  after  the  Apollo  14 
mission,  during  each  EVA  by  means  of  a telephone  link  to  the  medical  science  support 
room. 


Because  of  its  analytical  nature,  the  LCG  method  was  of  no  value  until  it  could  be 
verified  with  test  data  from  training  runs  in  the  MSC  Space  Environmental  Simulation 
Laboratory  chamber.  The  test  data  indicated  that  the  LCG  method  predicted  the  sub- 
limator  water  usage  and  the  carbon  dioxide  absorption  in  lithium  hydroxide  canisters 
as  accurately  as  or  more  accurately  than 
the  other  methods  and  that  the  method 
would  be  of  value. 


In  calculating  an  estimate  of  subli- 
mator  water  usage,  the  LCG  method  was 
of  special  value  because  a heat  leak  into 
or  out  of  the  suit  affected  both  the  LCG 
method  and  the  sublimator  water  usage. 
Therefore,  the  accuracy  of  the  heat-leak 
estimate  was  not  critical  for  estimating 
sublimator  water  usage,  although  it  was 
critical  for  estimating  metabolic  rate. 

Experience  with  the  heat-balance 
program  during  early  Apollo  missions 
increased  confidence  in  the  program  and 
provided  familiarity  with  its  strengths 
and  weaknesses.  The  LCG  method  pro- 
vided the  best  prediction  of  sublimator 
water  usage  when  predictions  were 
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Figure  2.  - Example  of  factor  zero  LCG 
program;  metabolic  rate  plotted  as  a 
function  of  heat  picked  up  by  the  LCG, 
H(‘la*ionship  is  based  on  the  assumption 
tliat  the  crew'man  is  maintaining  a com- 
fortable LCG  inlet  temperature. 
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compared  with  measurements  of  remaining  feedwater.  Comparisons  ot  LCG  and 
oxygen  data  indicated  that  the  heat-balance  program,  as  designed,  compensated  for 
inappropriate  diverter-valve  settings;  however,  accuracy  was  reduced  if  comfortable 
settings  were  not  maintained  by  the  crewman.  The  response  of  the  heat-balance 
program  was  demonstrated  to  be  slow,  which  was  expected,  but  the  program  did 
begin  to  respond  almost  immediately  to  a change  in  metabolic  rate. 


INTEGRATION  OF  METHODS 


Because  early  studies  indicated  many  sources  of  uncertainty  in  each  method  when 
used  individually,  the  decision  was  made  to  use  all  three  methods  simultaneously.  The 
metabolic  team  received  all  incoming  raw  data,  processed  the  data  in  accordance  with 
the  best  real-time  estimates  for  values  of  the  unmeasurable  factors  Involved,  used  the 
results  obtained  from  each  of  the  individual  methods  to  provide  correction  factors  for 
the  other  methods,  and  provided  one  integrated  value  for  the  flight  surgeon.  It  was 
realized  that  this  process  could  be  iterative  and  that  updates  could,  as  the  EVA  pro- 
gressed, cause  retrospective  changes  in  values.  However  after  completion  of  the 
mission  and  after  complete  postflight  analysis  of  the  data,  ihe  results  could  be  com- 
pared with  the  EVA  crewman's  subjective  evaluation  of  the  workloads;  thus,  a oetter 
base  for  planning  future  lunar  traverses  could  be  established. 

The  results  obtained  from  the  Apollo  11  mission  were  used  to  plan  rest  periods 
and  to  establish  limits  on  heart  and  respiratory  rates  (not  only  absolute  limits  but  also 
limits  for  predictions  of  developing  difficulties).  These  results  led  to  an  extension  of 
the  lunar  surface  stay  time  for  the  Apollo  12  mission  without  loss  of  confidence.  Simi- 
larly, the  experience  and  information  gained  from  preceding  missions  were  incorpor- 
ated into  the  planning  for  the  next  mission.  The  confidence  levol  ir.creased  as  the 
information  base  increased;  both  stay  times  and  useful  work  on  the  lunar  surface 
increased,  and  a high  level  of  confidence  was  maintained  that  safety  had  not  been 
adversely  affected. 

During  the  actual  EVA,  the  mght  surgeon  had  to  be  ready  at  all  times  to  make 
recommendations  concerning  the  advisability  of  continuing  an  activity  or  to  aid  in 
planning  a deviation  in  the  mission  plan.  The  principal  concerns  of  the  flight  surgeon 
were  the  reserve  capacity  of  the  crewman  and  l.  s physiological  status.  The  phys- 
iological status  was  based  on  a varieiy  of  factors,  some  of  which  were  historical 
(e.  g, , the  extent  of  deconditioning  resulting  from  3 days  of  weightlessness  during 
translunar  coast,  the  amount  of  fatigue,  the  preflight  physical  condition  of  the  crew- 
man, the  individual  crewman  response  observed  during  training  for  opecific  activi-  ■ 
ties,  the  amount  and  kind  of  exercise  used  by  the  crewman  during  translunar  coast, 
and  the  amount  and  depth  of  sleep  obtained  by  the  crewman).  Other  factors  were 
real  time  in  that  they  were  derived  from  current  activity.  Within  this  context,  the 
flight  surgeon  required  data  on  both  the  cumulative  and  the  peak  energy  demands 
being  experienced  by  the  crewman  during  the  EVA.  Data  on  cumulative  energy  expend- 
itures are  most  directly  applied  in  determining  the  status  of  consumables  and  in  deter- 
mining the  general  physical  status  and  reserve.  Excessively  high  heart  rates, 
hyperventilation,  and  heat  storage  can  be  related  to  instantaneouo  peaks  of  energy 
expenditure.  Therefore,  data  that  tend  to  quantitate  these  peaks  are  evaluated  and  used 
as  specifics  in  the  total  consideration  of  crew  status. 
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The  integration  of  the  three  methods  has  provided  both  cumulative  and  peak  data. 
Use  of  these  data  during  the  mission  has  prevented  the  crewmen  from  exceeding  preset 
heart-rate  and  respiratory-rate  limits  and  has  assured  that  phyt,iological  limits  for 
heat  storage  were  not  exceeded. 

Heart  rates  higher  than  those  expected  were  noted  during  Apollo  EVA  periods. 
Because  these  l.'.creases  were  present  during  both  rest  and  work  pexiods,  it  is  thought 
that  they  resulted  from  deconditioning  experienced  during  the  first  3 days  of  translunar 
coast  weigltilessness.  These  higher  heart  rates  have  beer,  carefully  included  in  all 
considerations.  With  more  understanding  of  the  biomedical  effects  of  both  weightless- 
ness and  lunar  surface  exposure,  techniques  may  be  developed  to  minimize  the  unde- 
sirable changes. 


RESULTS  AND  ANALYSIS 


Because  of  the  problems  experienced  in  using  each  of  the  three  assessment 
methods,  the  real-time  values  reported  to  the  flight  surgeon  and  the  PLSS  consumables 
analysts  were  integrated  values.  When  deter  mi  ring  an  assessed  metabolic  rate,  the 
team  leader  examined  the  results  of  all  three  m<>thods  together  with  all  other  PLSS 
telemetry  data.  After  the  flight,  this  integrated  result  was  further  updated  by  compar- 
ing the  results  of  actual  sublimator  water  supply  {measurements,  water  tank  warning 

tones,  ^ PLSS  lithium  hydroxide  canister  analysis  (Apollo  9 only),  and  oxygen-method 
maximum  (assuming  suit  oxygen  leakage  was  zero).  Actual  sublimator  water  supply 
measurements,  which  were  made  by  the  crewmen  immediately  .-.fter  the  EVA,  and  water 
tank  warning  tones  supplied  a maximum  limit  to  the  integrated  results.  All  errors 
(such  as  water  spillage)  decreased  the  measured  water  remaining,  increasing  the 
apparent  metabolic  rate.  Total  oxygen  used  also  provided  an  upper  limit  to  the  average 
metabolic  rate  (assuming  suit  oxygen  leakage  was  zero).  Lithium  hydroxide  analysis, 
performed  on  the  Apollo  9 canister,  provided  a basis  for  determining  carbon  dioxide  pro- 
duction, thus  an  assessment  of  RQ,  which  was  then  used  to  refine  the  oxygen- method 
and  LCG-method  results.  The  postflight  integrated  metabolic  results  for  the  Apollo 
Program  extravehicular  activities  are  shown  in  table  L The  overall  error  of  integrated 
metabolic  assessments  made  during  the  Apollo  flights  was  estimated  to  be  10  to  15  per- 
cent, based  on  method  variability. 


^On  the  Apollo  15  to  17  missions,  which  had  auxiliary  sublimator  water  tanks, 
a warning  tone  sounded  when  the  main  tank  was  depleted. 
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TABLE  \.  - METABOLIC  EXPENDITURES  FOR  APOLLO  LUNAR  SURFACE  EVA 


Metabolu  rate 

Aik*’'' 

Crewman 

(a) 

ALSEP 

Oroltt^ical 

Lunar  roving 

Total  for 

EVA 

EVA 

station 

Overhead 

vehicle 

all 

duration. 

m. 

L. 

activity 

operations 

activities 

hr 

■1 

IMu  'hr 

kJ/hr 

Btu  'hr 

Btu/hr 

k.)/hr 

Btu'^hr 

k.I 'hr 

BtU'^hr 

11 

B 

CDR 

77.. 

1023 

969 

851 

949 

m 

LMP 

1200 

1471 

1393 

mSm 

1202 

-- 

12^7 

a 

CDR 

B64 

81R 

1017 

963 

1232 

1167 

12 

LMP 

1006 



953 

1028 

974 

1119 

1060 

•• 

-- 

BB 

CDR 

bb 

-- 

913 

902 

H54 

922 

875 

3 78 

BB 

LMP 

_J 

1G5B 

103H 

983 

1054 

1000 

a 

CDR 

722 

920 

871 

LMP 

89? 

IBB 

1084 

1027 

* 

2 

CDR 

494 

468 

9i3 

H^t5 

848 

.. 

LMP 

BSl 

806 

1061 

H94 

H47 

-- 

1000 

B 

CDR 

1162 

1119 

U53 

1092 

1417 

1342 

63'’ 

1159 

1100 

8 53 

LMP 

1369 

1297 

. _ .. 

778 

737 

1226 

1161 

435 

412 

1033 

980 

IS 

— 

9 

CDR 

1019 

960 

122? 

It  .2 

1202 

1'38 

624 

591 

ior*4 

1000 

7 22 

LMP 

1110 

1051 

792 

750 

1116 

w57 



» 4 

392 

l.';4 

B 

CDR 

1095 

1037 

1013 

959 

1303 

578 

547 

1086 

BB 

LMP 

962 

911 

788 

746 

981 

447 

423 

854 

B 

COR 

869 

823 

90S 

857 

1146 

1085 

667 

91/ 

870 

7 18 

LMP 

1081 

1024 

.12‘^ 

1065 

1154 

*093 

631 

1065 

»:io 

16 

2 

CDF 

^flj^BB 

^^BjH 

884 

1044 

989 

445 

822 

V80 

7.38 

LMP 

B 

WjJjM 

969 

987 

935 

41S 

874 

830 

BB 

CDR 

966 

915 

491 

H54 

810 

g 

BB 

LMP 

n 

BB 

1013 

959 

407 

864 

820 

B 

CDR 

1192 

1129 

1094 

1036 

1267 

479 

1150 

109f 

7 ^0 



LMP 

1166 

1104 

1255 

1189 

1193 

447 

1139 

BB 

CDR 

1094 

1036 

506 

479 

86’ 

820 

1 7 

H 

LMP 

HB 

1255 

1189 

472 

447 

874 

BB 

CDR 

■■■< 

1094 

1036 

1267 

1200 

506 

479 

980 

930 

7,25 

BB 

LMP 

bib 

1255 

1 1189 

1193 

1130 

172 

447 

990 

940 

Mean 

1024 

970 

1024 

970 

1130 

1070 

490 

980 

930 

Total  time,  hr 

28.  18 

52 

47 

52.83 

25  28 

150  76 

a 

CDR  ■ commander,  LMP  - lunar  nv*  fule  pilot 
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CONCLUDING  REMARKS 


The  following  conclusions  are  based  on  Apollo  Program  metabolic  expenditure 
measurement  estimations.  The  three  methods  of  metabolic  assessment,  used  with 
kiK)wledge  of  their  deficiencies,  proved  to  be  valuable  indicators  of  crewman  metabolic 
production.  The  overall  average  metabolic  production  of  Apollo  crewmen  during  extra- 

3 3 

vehicular  aclivity  on  the  lunar  surface  ranged  from  823  x 10  tc  1267  x lO  j/hr  (780  to 
irOO  Biu/hr). 


Lyndon  B.  Johnson  S|pace  Center 

National  Aeronautics  and  ^ace  Administration 
Houston,  Texas,  September  25,  1974 
914-50-95-13-72 
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TABLE  El.-  SUMMARY  OF  APOLLO  G-MISSION  LUNAR  SURFACE  EMU"^  POST  FLICWT  THERMAL  ANALYSIS  RESULTS 
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Lunar  Module  Pilot 


TmE  El.-  COHTIHUED 
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APPENDIX  F 


FORMULATION  OF  THE  NEW  MATHEMATICAL  MODEL 


KEY  TO  MATHEMATICAL  SYMBOLS  FOR  THE  PASSIVE  SYSTEM 


£ 


J 


F 


JW 


H 


h 

*h) 

I 


j 

k 

(me) 

(Ac)b 


^Rad 


r 


T 


t 

VPP(T) 

0 


P 


J 


Area  of  skin  element  ^ 

Radlosity 

Emissivity  of  skin  element  ^ 

Configuration  factor 
Irradiation 

Heat  transfer  coefficient 

Mass  transfer  coefficient 

Index  for  internal  temperature  locations 

Index  for  skin  temperature  locations 

Thermal  conductivity  of  tissue  element 

Product  of  mass  and  specific  heat  of  tissue  element 

Product  of  local  bloodflow  rate  and  specific  heat  of  blood 

Convective  heat  transfer  rate  at  *:he  skin  surface 

Local  tissue  heat  generation  rate 

Radiative  heat  transfer  rate  at  the  skin  surface 

Evaporative  heat  transfer  rate  at  the  skin  surface 

Rad  ius 

Temperature  of  tissue  element 
Time 

Temperature  of  the  central  bloodstream 
Vapor  pressure  at  temperature  T 
Angle 

Reflectivity  of  skin  element 
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1.  TECHNICAL  DESCRIPTION  OF  A NEW  MATHEMATICAL  MOuEL 


a.  Passive  Model 

The  body  will  be  divided  Into  cylindrical  segments  representing  the 
headt  torso,  abdomen,  and  both  arms,  hands,  legs,  and  feet.  The  primary 
objective  of  this  effort  will  be  the  description  of  the  temperature  field 
angularly  as  well  as  radially  (see  Figure  1).  Thus,  the  pertinent  equa- 
tion In  cylindrical  coordinates  Is: 


(mc)3T  , ( 3^T  ^ 1 3T  . 1 3^  ) ^ v ^ ^ 


Where  the  term  on  the  left  hand  side  represents  heat  stored  in  the  t Issues » 
the  bracketed  term  on  the  right  hand  side  is  heat  transferred  by  con-- 
duction  to  other  tissue  elements » the  second  term  on  the  right  hand  side 
is  heat  transferred  from  the  tissue  to  the  bloodstream  by  convection,  and 
the  last  term,  q^,  represents  metabolic  heat  generation* 

Each  of  the  major  segments  will  be  further  divided  into  subsegments* 

The  subsegments  will  be  chosen  in  such  a way  that  the  physical  properties 
and  temperatures  in  the  longitudinal  direction  are  constant*  Thus,  for 
example,  subsegments  B and  C in  Figure  2 contain  the  heart  and  lungs  and 
subsegment  E contains  the  liver*  The  actual  number  of  subsegments  to  be 
considered  will  depend  upon  the  number  of  major  organs  for  which  data  is 
obtainable  and  will  be  decided  at  the  conclusion  of  a literature  search* 

It  should  be  noted  that  the  bloodflow  rate  to  each  element,  (mc)j^,  is 
variable  and  controlled  by  the  active  thermoregulatory  system.  The  tempera- 
ture of  the  central  blood  pool,  T.  , is  o variable  a-'d  is  determined  by 

D 

a heat  balance  of  the  form: 
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r=R  r=0 

Skin  Deep  Bcxly 

Surface 


HEAT  CONDUCTED  BETWEEN  TISSUE  ELEMENTS  RADIALLY  AND  ANGULARLY 
+ HEAT  TRANSFERRED  BY  CONVECTION  TO  THE  BLOODSTREAM  + METTABOLIC 
HEAT  GENERATED  «=  HEAT  STORED  IN  THE  TISSUE  ELEMENT. 

Figure  1.  - Internal  tissue  element  heat  balance. 
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(2) 


N 

(me).  - f, . 


The  boundary  condition  to  be  imposed  at  the  skin  surface  of  each  of  the 
subsegments  is: 


-k 


jVf 

ar 


^Rad, 


(3) 


Where  ^Pad^  rates  of  heat  transfer  by  convection, 

radiation,  and  evaporation  at  the  skin  surfaces. 

Convective  Heat  Transfer 

The  amount  of  heat  transferred  by  convection  from  the  various  skin 
su,  faces  to  the  air  surrounding  a man  is 


= hA, 


T . ) 
air 


(4) 


Where  T is  the  skin  temperature  of  segment  • The  heat  transfer 

\3 

coefficient,  h.  Is  determined  from  the  solution  of  the  equations  of 
momentum  and  energy  for  the  specific  physical  system  considered. 
Treating  the  skin  surfaces  as  a flat  plate  with  air  flowing  parallel 
to  It  leads  to  the  resulting  expression  for  h: 

= Nu  = .662  Re^^^Pr^^^  (5) 

k 

Solving  the  same  equations  for  air  flowing  perpendicular  to  a vertical 
cylinder  leads  to  a similar  result.  In  either  case,  the  magnitude  of 
h for  normal  surrounding  environments  is  usually  low  enough  so  that 
convective  heat  transfer  at  the  skin  surface  by  Itself  is  not  ade- 
quate to  remove  internal  body  heat  generation.  Solution  of  the 
equations  governing  free  convection  leads  to  a similar  conclusion. 
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Radiative  Heat  Transfer 


The  heat  transferred  by  rad ta* ion  at  the  hkIu  surface  to  the  sur- 
rounding envlronmenC  is: 


\ad  “ ® 

where  B = radios ity 

H - Irradiation 

Utilizing  expressions  for  radiosity  and  irradiation  for  diffuse-diffuse 


(sk tn-wal 1 

surface)  interchange,  we  derive: 

4 4 

A c a ( e e T 

_JJ)rp4  JJ  JJu)CDO)l 

J \ l-p^P  F,^A  /A  1 

^ J (i)  JO)  .3  Hi  J 

(7) 

Where 

- area  of  skin  element  j 

"j 

= eraissivlty  of  skin  element  j 

^.i 

= reflectivity  of  skin  element  ^ 

= configuration  factor  between  skin  element 

J 

surroundings  (wall) 

For  the  general  case  of  a man  in  a large  room  (Aw  >>  equation  7 

reduces  to: 


^Rad 


t F T 
w Jw  w 


(8) 


Tills  is  the  radiation  boundary  condition  for  each  skin  surface 
subsegment. 

Evaporative  Heat  Transfer 

The  quantity  of  heat  transferred  b/  evaporation  of  water  from  the 
skin  surface  to  the  environment  is  highly  variable  and  under  the 
control  of  the  active  thermoregulatory  system.  Water  (sweat)  is  a 
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normal  byprodact  of  the  boc  ,*s  mf  . ibollv:  p • :ess*:rf,  Sinc'"  the 
partial  pressure  of  water  vapor  at  the  surface  of  the  skin  is  usually 
greater  (due  to  thesi*  prucesscs)  than  the  partial  pressure  of  water 
vapor  in  the  surrounding  atmosphere,  diffusion  occurs.  However,  if 
the  metabolic  rate,  and  consequently  heat  generation,  is  Increased 
due  to  heavy  workloads,  etc.,  diffusion,  radiation,  and  sensible 
convection  may  not  be  enough  to  dissipate  the  excessive  production 
of  heat.  If  this  octurs,  body  temperatures  begin  to  rise*  If  these 
temperatures  increase  appreciably  above  certain  control  values, 
geomcf rically  distributed  sweat  glands  pour  excessive  water,  resulting 
f r »m  the  increased  metabolic  rate,  onto  the  skin  surface.  The  sweat 
on  the  surtoce  of  the  skin  will  then  absorb  heat  as  it  evaporates. 

As  long  as  the  environment  remains  within  certain  bounds,  all  of  the 
sweat  Til  the  skin  comparrment  surface  will  be  evaporated.  However, 
if  the  environment  is  such  that  the  maximum  amount  of  sweat  that  can 
be  evapi>rated  is  less  than  the  amount  being  produced,  the  body  will 
not  be  able  to  dissipate  the  difference,  and,  consequently,  will 
store  heat. 

Ihis  maximum  evaporative  capacity,  EMAX,  is  the  mass  transfer 
expression 

EMAX  •=  (VPP(Tj)  - VPP  (T^^^))  (9) 

where  Is  a mass  transfer  coefficient,  A is  the  skin  compartment 
irea,  and  VPP(T)  and  partial  water  vapor  pressures 

evaluated  at  the  skin  su'-face  and  In  the  air  stream,  respectively. 

The  mass  transfer  coefficient  h^,  is  determined  by  applying  the 
heat-mass  transfer  analogy  to  the  convective  heat  transfer  coef f Icie-.jt 
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previously  discussed.  The  au.ount  of  sweat  generaced  at  the  skl^ 
surface^  SWEAT^  is  determined  by  thermoregulatory  control.  Thus, 
the  quantity  of  heat  uransferred  by  evaporation  at  the  skin  surface 

SWEAT  SWEaT  < SMAX 

EMAX  EMAX  < SWEAT 

Summarizing  then,  equations  1,  2,  and  3 are  the  basic  equations 
necessary  to  describe  the  lumai  temperature  system*  These  equations 
will  be  utilized  with  equations  4-9  for  each  major  subsegment.  The 
number  of  subsegments  will  be  chosen  based  on  data  availability. 

b.  Active  Thermoregulatory  Control  System 

The  controlling  system  for  this  mathematical  model  xs  identical  to 
that  described  In  Section  2 and  Appendix  B for  the  current  model. 
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2.  NUMERICAL  MEm>D 


The  basic  equations  that  must  s<*.</ed  num«. r<call>  to  determine  the 
temperature  field  arc: 


/ 


i|l  + i2 

r 3r  r 


+ (Ac)^(T-Tb) 


(1) 


(me) 


b dP 


(2) 


‘>Rad^ 


(3) 


Since  a large  matrix  of  equations  are  to  be  handled,  an  implicit  scheme 
will  be  employed  in  order  to  redree  computer  run  time  and  minimize 
stability  problems.  Central  difference  approximations  will  be  used  were 
feasible  to  reduce  error.  Utilizing  the  Taylor  series  approximations  for 
the  derivatives  in  equations  1,  2,  and  3,: 


T + T 

r-1, 


- 2T 

e r,e 


(try 


+ 4th  and  higher 
order  terms 


T - T 

il  ^ r+i  0 r-1,0 

3r  2Ar 


+ 3rd  and  higher 

order  terms  (10) 


T + T 

r,0-l 


4-  4th  and  higher 
order  terms 


3T 

3t 


At 


•f  2nd  and  higher 
order  tei 
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Substituting  these  expressions  (and  neglecting  2nd  and  higher  order  terms), 
the  numerical  approximation  for  equation  1 Is: 


, ^ r.0  r.O 

(„c)  »- 


_t+l  t+1 

k < r+l»e  r-1,0 


-_t+l  „t+l  _t+l 

~ r.e  ^ r+l.Q  r-1.9 


(try 


2rtr 


+ 

r,&»l  ^r.0-1 


- 2T 


r^(A0)^ 


t+1 

^10 


r.0 


(11) 


+ (Ac)^^ 


(T 


t+1 

r,0 


- Internal  Temperature 
Field 


The  derivation  equation  II  assumes  that  the  thermal  properties  are 
fairly  constant  over  the  entire  Internal  field.  If  this  is  not  the  case, 
then  discontinuities  must  be  taken  into  account.  For  example,  if  there 
Is  a discontinuity  In  the  conductivity,  k,  at  the  muscle-skin  boundary 
(Figure  3),  then  equation  11  can  be  applied  within  the  skin  annulus,  and 


Figure  3 


also  within  the  muscle  annulus,  but  not  at  the  Interface  between  them. 
At  the  skin-muscle  interface,  an  additional  boundary  condition  must  be 
considered  - flux  equality.  Thus,  for  example  at  r •*  A, 


il  « k 
‘m  3r  " s ?r 


(1/) 


Utilizing  the  appropriate  numerical  approximation. 
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(13) 


mV  r«9  e\  rfl^9  *r,9  / 

Ar  Ar 


Another  problem  arises  along  the  central  axis  of  a subsegment.  The 
determination  of  the  central  axis  temperature  presents  a unique  problem 
because  equation  11  cannot  be  evaluated  at  r « 0.  This  problem  is  cir-* 
cumvented  by  choosing  the  grid  spacing  so  that  the  temperature  at  the  axis 
is  never  actually  calculated.  This  objective  can  be  acccxnplished  by 
spacing  the  last  grid  point  one^half  an  incr^exit  removed  fromthe  boundary 
as  shown  in  Figure  4.  In  this  arrangement » the  temperature  one^half  an 
increment  on  either  side  of  the  center  line  is  calculated.  These  are 
then  related  by  the  periodicity  boundary  condition: 


T ss  X 
r=*0^  r«l^ 

0*02  0*0^+n 


(14) 


The  tlctlous  temperature y T , Is  then  eliminated  by  approximating  the 

0 

boundary  condition  at  the  skin  surface  by  a central  difference  expression: 


“ ~^(^R+l/2  ~ ^R-1/2^ 


Ar 


+ 3rd  and  higher 
order  terras 


at 

r=R 


Therefore,  neglecting  the  higher  order  terras. 


■ ^5,0^^  “ ‘^Rad  '•c 


Ar 


(15) 


(16) 


and  T„  „ ” Tc  « + « 

R,0j^  5j0j^  6j0j^ 


(17) 
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The  temperature  of  the  central  blood  pool  is  found  frora: 


- ’■r"' 


At 


all  r*0 


(18) 


Equations  11,  13,  16,  and  18  are  then  the  finite  difference  equations 
that  must  be  solved  for  each  subsegment  in  order  to  specify  the  tempera- 
ture field  of  the  human  body.  A most  convenient  means  of  solving  this 
large  matrix  of  equations  is  the  alternating  difterence  implicit  tech- 
nique (ADI).  In  this  scheme,  a matrix  of  the  form  shown  in  Figure  5 is 
used. 

The  temperature  field  is  solved  implicitly  in  the  radial  direction 
at  time  t + 1/2  using  explicit  values  for  the  derivatives  in  the  0 direc- 
tion. The  field  is  then  determined  implicitly  in  the  angular  direction 
...  time  t + 1 using  explicit  values  of  the  derivatives  in  the  radial 
direction  calculated  at  time  t + 1/2.  Thus,  for  example 


(mr  ) 


t+1/2  _t  \ 
0 " r^) 


At/2 


. ( _t+l/2  t+1/2  ,-t+l/2  t+1/2  t+1/2 

r-H.e  r~1.0  ' r.O  r+l,Q  ~ Vl.0 


r,n 


(Ar)' 


2rAr 


+ A 1 - 2T  . 1+  q 

r,,Hl  r,0-l  r,0  / ^ 

J r.0 

r‘-(AfO"  J 


r,- 


ifie  values  of  thus  detennined  throughout  the  matrix  are  ther  used 

explic.  ly  in  the  same  equation.  Except  now,  variations  In  the  0 direction 
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5 


in 

rfnce 


Figure  5.  - 


This  luarchlng  procedure  Is 


are  treated  inpllcitly  to  determine  . 

r,0 

repeated  for  each  full  time  step  until  all  matrix  temperatures  are  known 
for  all  time  and  the  temperature  field  Is  thus  specified. 

It  Is  proposed  to  check  the  accuracy  of  this  numerical  approximation 
by  comparing  the  results  with  those  for  which  a closed  form  solution  Is 
obtainable. 
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